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ABSTRACT 
Organic production of cucurbit crops in the Midwest is limited by several insect pests 
(e.g., striped cucumber beetle, spotted cucumber beetle, squash bug, squash vine borer) and 
the bacterial diseases they vector (e.g., cucurbit bacterial wilt and cucurbit yellow vine disease 
(CYVD)). Current management strategies – low tunnels and insecticides – fail to provide reliable 
protection, are not durable, and are harmful to beneficial insects such as pollinators. Organic 
producers in the Midwest need more effective pest management options to consistently 
produce cucurbit crops. 
A 3-year field experiment aimed to develop new row cover strategies for full-season, 
organic control of cucurbit insect and disease pests. The objectives were to evaluate traditional 
and modified row cover strategies for differences in incidence of disease and insect pest 
damage, number of insecticide applications, number and weight of marketable fruit, and 
maximum temperatures inside tunnels. Full-season “mesotunnels” – nylon-mesh fabric 
supported by 3.5-foot-high conduit hoops - resulted in the lowest incidence of disease and 
insect pest damage in muskmelon and acorn squash, and no disease or insect pest damage in 
muskmelon. Full-season mesotunnels required no insecticide applications, whereas a 
noncovered control treatment required the most insecticide applications and part-season 
mesotunnels and low tunnels were intermediate. The weight of marketable muskmelon in full-
season mesotunnels was higher than in the noncovered control for all 3 years and higher than 
in the low tunnels and part-season mesotunnels for 1 of 3 years. The weight of marketable 
muskmelon in part-season mesotunnels was higher than in the non-covered control in 2 years. 
The number of marketable muskmelon in full-season mesotunnels was higher than in the 
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noncovered control in 2 years and higher than in low tunnels in 1 year. The number of 
marketable muskmelon in part-season mesotunnels was higher than in the non-covered control 
in 1 year. The weight of marketable squash in full-season mesotunnels was higher than in low 
tunnels for all 3 years, higher than in low tunnels and part-season mesotunnels in 1 year. The 
weight of marketable squash in part-season mesotunnels was higher than in the non-covered 
control in 1 year. The number of marketable squash in full-season mesotunnels was higher than 
in the non-covered control in all 3 years and higher than in low tunnels and part-season 
mesotunnels in 1 year. The number of marketable squash in part-season mesotunnels was 
higher than in the non-covered control in 1 year. The nylon-mesh row cover material used for 
mesotunnels provided plant coverage throughout the growing season with minimal increase in 
midday air temperature inside the tunnels, whereas the spunbond polypropylene row cover 
fabric used in low tunnels raised maximum midday temperatures to levels that could damage 
plants. 
A second 3-year field experiment investigated weed management strategies for 
mesotunnels. The objective was to evaluate between-row mulching strategies for differences in 
weed suppression, number and weight of marketable fruit, and contribution to soil 
permanganate oxidizable carbon (POXC) in muskmelon and acorn squash production in 
mesotunnels. Chopped corn stover provided more effective weed suppression on both crops in 
2018 than a living mulch consisting of annual ryegrass and red clover, and more effective weed 
suppression than a bare-ground control treatment in 2016 on both crops. Living mulch never 
outperformed corn stover in suppressing weeds, but did outperform the bare-ground 
treatment in 2016 on muskmelon and in 2017 on acorn squash. POXC levels were higher for soil 
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in the corn stover treatment than in the living mulch treatment in 2016 in muskmelon. In the 
same year, corn stover increased POXC compared to bare ground in acorn squash. Corn stover 
resulted in higher number and weight of marketable muskmelon than living mulch in 2017 and 
a higher number of marketable muskmelon than bare ground in 2016. In acorn squash, living 
mulch resulted in higher number of marketable fruit than bare ground in 2017. 
These field experiments addressed major limitations to production of organic cucurbit 
crops in the Midwest, particularly lack of effective pest, disease, and weed control strategies. 
My experiments were the first replicated trials to examine the use of mesotunnels for cucurbit 
production in the Midwest, and provide organic cucurbit growers with new options for pest, 
disease, and weed management. 
The final objective of my thesis was to develop a teaching case study to enhance 
undergraduate science education. The case study highlighted differences in disease 
management between organic and conventional production methods in the context of 
commercial cucurbit-crop production, and challenged students to come up with a reasonable 
management plan for a fictional muskmelon producer in Iowa. The case was tested in an 
undergraduate plant pathology course at Iowa State University, and modified according to 
student feedback prior to submission for peer review to the open-access online journal The 
Plant Health Instructor.
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CHAPTER 1. GENERAL INTRODUCTION 
Thesis Organization 
 This thesis is organized in five chapters. The first chapter contains the general 
introduction, literature review, thesis objectives and literature cited. Chapter two describes a 3-
year field experiment conducted on organic muskmelon and acorn squash to compare 
differences in marketable yield, incidence of disease and insect injury, frequency of insecticide 
applications, and microenvironmental temperature among row cover treatments. Chapter 
three summarizes a 3-year field experiment comparing mulching strategies for use in 
mesotunnels in organic muskmelon and acorn squash. Chapter four presents a case study 
written to help instructors teach introductory plant pathology and organic agriculture concepts 
to undergraduate students. Chapter five presents general conclusions of this project. 
 
Literature Review 
Cucurbits 
The Cucurbitaceae family is comprised of 96 genera and about 1,000 plant species 
commonly known as cucurbits. Plants in Cucurbitaceae are known for their large fruits, which 
vary greatly in size, shape, and color (Grumet et al., 2017).  The most widely grown cucurbits in 
the U.S. in 2016 and 2017—totaling, on average, 329,150 acres each year—were cucumber 
(Cucumis sativus L.), watermelon (Citrullus lanatus), muskmelon (Cucumis melo subsp. melo var. 
cantalupensis), squash (various Cucurbita species), and honeydew (Cucumis melo subsp. melo 
var. inodorus) (USDA, 2018). While muskmelon is sold exclusively as fresh market produce in 
the U.S., other cucurbits are sold both for fresh market and processing use. California is a major 
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producer of watermelon, muskmelon, honeydew, and cucumbers, but other major sites of 
cucurbit production include Florida, Georgia, Texas, Arizona, North Carolina, Michigan, and 
Oregon (USDA, 2018). 
Organic cucurbits 
“Organic” is a labeling term given to food and agricultural products produced in 
accordance with organic standards. In the U.S., organic standards are determined by the U.S. 
Department of Agriculture (USDA) and require that crops be produced using means that 
support the cycling of on-farm resources, promote ecological balance, and conserve 
biodiversity. To market produce with a USDA Organic certification, the land on which it was 
produced must be evaluated by USDA-accredited certifiers (Agricultural Marketing Service, 
2016, 2018). Producers choose to grow crops organically for a number of different reasons, 
including the hope of obtaining greater profits and to improve environmental stewardship 
(Peterson et al., 2012). 
Organic agriculture is a growing sector of the U.S. economy. Sales of certified organic 
products by U.S. farms and ranches grew 23% from 2015 to 2016, and the number of organic 
farms increased by 11% during the same period (USDA, 2017). The total value of sales of 
organic cucurbits exceeded $69 million in 2016. Sales of squash and muskmelon accounted for 
90% of the total, and watermelon accounted for the remainder. Sales of organic cucumber and 
honeydew were either not documented or excluded to avoid disclosing data for individual 
farms (USDA, 2017).  
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Major pest and disease complexes of cucurbit crops in the Upper Midwest  
Striped cucumber beetle (Acalymma vittatum (F.)) and spotted cucumber beetle 
(Diabrotica undecimpunctata howardi (Barber)) cause significant feeding injury that can result 
in seedling mortality on cucumber, muskmelon, honeydew melon, and squash (Fleischer et al., 
1999; Hoffmann et al., 2000). In addition to causing feeding injury, striped cucumber beetles 
vector a bacterium, Erwinia tracheiphila (E.F. Sm) Holland, which is the causal agent of cucurbit 
bacterial wilt (Rand, 1915; Brust, 1997).  Squash are also affected by two other major pests: 
squash bug (Anasa tristis De Geer) and squash vine borer (Melittia cucurbitae Harris). Squash 
bugs cause feeding injury and vector the bacterium Serratia marcescens—the causal agent of 
cucurbit yellow vine disease (CYVD) (Mitchell, 2000; Bruton et al., 2003). The larvae of squash 
vine borer kill squash by burrowing through stems and disrupting the xylem and phloem 
(Middleton, 2018). 
Bacterial wilt and cucumber beetles 
Bacterial wilt is an important disease on many cucurbit crops in the Midwest, Mid-
Atlantic, and Northeast U.S., and has caused yield losses of up to 80% (Saalau Rojas et al., 
2015). Severe wilting of leaves - the first visible symptom of bacterial wilt - develops between 4 
and 21 days after infection (Saalau Rojas et al., 2013). Desiccation of leaves and vines ensues 
and leads to total plant collapse within 2 weeks of the appearance of wilt symptoms (Smith, 
1911).  
The causal agent of bacterial wilt, E. tracheiphila, is a xylem-limited bacterium. It is 
vectored predominantly by striped cucumber beetle. The vectoring ability of spotted cucumber 
beetle has been asserted (Rand and Cash, 1920; Rand and Enlows, 1920) but remains 
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unconfirmed by experimental evidence. Early research on this pathosystem led to the 
generalization that genera within the Cucurbitaceae family differed in susceptibility to E. 
tracheiphila. Muskmelon and cucumber (Cucumis) are highly susceptible, pumpkin and squash 
(Cucurbita) are somewhat less susceptible, and watermelon (Citrullus) are highly resistant 
(Smith, 1911; Hoffmann et al., 2000). Host preference among cucurbit species is associated with 
genetic differences among subgroups of E. tracheiphila strains. The first experimental evidence 
of these sub-specific differences came from the finding that E. tracheiphila strains isolated from 
Cucumis plants cause symptom development more rapidly on Cucumis seedlings than on 
Cucurbita seedlings, and isolates from Cucurbita plants caused more rapid symptom 
development on Cucurbita than Cucumis seedlings (Saalau Rojas et al., 2013; Vrisman et al., 
2016).  
In the bacterial wilt disease cycle, E. tracheiphila is spread to cucurbit plants by 
cucumber beetles infected with E. tracheiphila. The bacterium colonizes the digestive tract of 
adult striped cucumber beetles and is excreted along with their frass onto plant surfaces 
(Garcia-Salazar et al., 2000; Mitchell and Hanks, 2009). Bacteria gain access to the plant xylem 
when the infested frass touches feeding wounds created by cucumber beetles (Smith, 1911; 
Rand and Enlows, 1916). Once inside the xylem, E. tracheiphila proliferates and wilt symptoms 
develop (Vrisman et al., 2016). In the period between initial infection and plant collapse, striped 
cucumber beetles feeding on an infected plant ingest the bacterium and transmit it to other 
plants (Rand and Cash, 1920; Rand and Enlows, 1920; Shapiro et al., 2012). After the growing 
season, adult striped cucumber beetles overwinter shallowly in the soil and can serve as 
reservoirs for E. tracheiphila. When beetles emerge the following spring, they locate cucurbit 
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seedlings and can initiate epidemics (Fleischer et al., 1999). Striped cucumber beetle can be 
found as far south as central Mexico and as far north as southern Canada (CABI, 2018). Their 
distribution in the U.S. is limited to regions east of the Rocky Mountains (Evans and Renkema, 
2018). Overwintering of spotted cucumber beetles is limited to the southern U.S., but they 
migrate to the Upper Midwest U.S. during cucurbit crops’ growing seasons and can also be 
found throughout the U.S. east of the Rocky Mountains (Krysan, 1986).    
Squash bug and CYVD 
Squash bug can cause significant feeding injury in squash and pumpkin, and also on 
muskmelon and other cucurbit crops in the absence of its preferred Cucurbita species (Doughty 
et al., 2016). The squash bug stylet penetrates leaf tissue and disrupts water flow in xylem. 
Prolonged feeding results in wilting, leaf necrosis, and death of the plant. Unhindered feeding 
at the time of flower and fruit set can result in 50% yield loss in summer squash (Neal, 1993; 
Doughty et al., 2016). Squash bug can be found as far north as Quebec and Ontario (Southeast 
Canada) and as far south as Brazil, although its status as a pest of cucurbits is thought to be 
particularly severe in the Midwest and Southwest U.S. (Mitchell, 2000). 
In addition to causing feeding injury, squash bug is the vector of S. marcescens, a 
bacterium that is the causal agent of CYVD. CYVD affects watermelon, squash, pumpkin, and 
cantaloupe, and losses can reach 100% in squash and muskmelon fields (Bruton et al., 2003; 
Pair et al., 2004). Symptoms of infection by S. marcescens include stunting, yellowing, phloem 
discoloration, and plant decline that develops slowly in the 10 to 14 days prior to harvest. Rapid 
wilting and collapse within 24 hours may also occur in plants infected during flowering and fruit 
set (Bruton et al., 2003; Doughty et al., 2016).  
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Squash vine borer 
In its larval stage, squash vine borer is an economically important pest of squash and 
other plants in the genus Cucurbita (Kariuki and Gillett-Kaufman, 2017). Burrowing by larvae 
into the stems of squash disrupts the flow of xylem and phloem and causes plants to wilt. 
Examination of stems of wilted plants affected by squash vine borer reveals sawdust-like frass 
surrounding the site of larval entry (Middleton, 2018). Squash vine borer is limited in 
geographic distribution to the Western Hemisphere. It can be found as far south as Brazil and 
Argentina (Krinski, 2015) and as far north as southeastern Canada, but not west of the Rocky 
Mountains (Capinera, 2008). Adult squash vine borer moths emerge once annually, in June or 
July, in northern latitudes but may emerge twice per growing season in southern U.S. Within 
three days after emerging, females travel up to 1 mile to lay eggs on cucurbit hosts. Eggs are 
laid singly on the base of squash plants, but over the course of their lifetime individual females 
can lay up to 200 eggs. After eggs hatch in 6 to 10 days, larvae burrow into the stems and feed 
for up to 27 days. Fully developed larvae pupate in the soil and overwinter as far north as 
Minnesota (Middleton, 2018). 
Organic pest management 
Organic management of these pests – striped cucumber beetle, spotted cucumber 
beetle, squash bug, and squash vine borer - and associated bacterial diseases (bacterial wilt and 
CYVD) is challenging. Rotation out of cucurbits for a minimum of two years is a widely practiced 
cultural management strategy that helps to reduce on-farm populations of all three insect 
pests, but is not effective as a stand-alone practice (Doughty et al., 2016; Futrell and Chase, 
2004; Middleton, 2018).  
 7
Insecticides are heavily used in organic cucurbits to manage all three insect pests and to 
prevent them from spreading CYVD and bacterial wilt (Hoffmann et al., 2000; Mitchell, 2000; 
Saalau Rojas et al., 2015). Kaolin clay is among the organic insecticides labeled for suppression 
of all three pests. It deters pests from feeding and egg laying by coating plant surfaces in clay 
residue. However, full control often cannot be achieved using kaolin clay alone, and 
supplemental control methods are recommended (U.S. EPA, 2008). Kaolin clay can be tank-
mixed with organic insecticides such as neem oil, pyrethrins, and Bacillus thuringiensis (Bt) to 
improve control of the main cucurbit insect pests. Neem oil and pyrethrins are labeled for 
control of cucumber beetles and squash bugs, whereas Bt is labeled for squash vine borer 
(Doughty et al., 2016; Middleton, 2018; U.S. EPA, 2014, 2016).  
These insecticides are useful tools for pest management in organic cucurbit production 
but also have serious limitations. For example, the time window of residual activity for all four 
insecticides is extremely short. Neem, Bt, and pyrethrins are broken down by sunlight within a 
few days on plant surfaces, and kaolin clay must be reapplied after rain events (Bond et. al., 
2012, 2014; Perez et al., 2015; U.S. EPA, 2008). Furthermore, while pyrethrins and neem oil can 
effectively control moderate populations of squash bug nymphs, their effectiveness is greatly 
diminished when pest pressure is intense or when targeting adult squash bugs (Doughty et al., 
2016). 
Another drawback to using organic insecticides is their toxicity to pollinators. Cucurbits 
are exclusively insect-pollinated, and the pyrethrins used to control cucumber beetles and 
squash bugs are also highly toxic to pollinating insects (Minter and Bessin, 2014; Bond et al., 
2014). Adequate pollination is essential to achieving optimal cucurbit yields but can be difficult 
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to accomplish if pollinators are not abundant. The female flowers from which fruit are 
produced are aborted and dropped from plants if they are not pollinated within one day of 
opening. Bee populations must be sufficiently large to reach as many flowers as possible each 
day during the flowering period. Furthermore, each female flower requires a minimum number 
of visits (nine in cucumbers) to achieve complete pollination. Incomplete pollination as a result 
of too few pollinator visits results in malformed, non-marketable fruit (Hodges and Baxendale, 
2007). 
Perimeter trap cropping (PTC) is a barrier strategy that can be effective for managing 
cucumber beetle and squash bug in conventional systems (Pair, 1997; Cavanagh et al., 2009). In 
PTC, a main crop of cucurbits is surrounded by one to two rows of a different cucurbit crop that 
is more attractive to the pests. The more attractive perimeter crop intercepts the pests as they 
enter a field, before they can reach the main crop. The perimeter crop must be substantially 
more attractive to the pests than the main crop so it can retain (i.e., “trap”) the pests to 
prevent their migration into the main crop. The perimeter crop is monitored for the pests, and 
conventional insecticides are sprayed on these rows to kill the pests (Boucher and Durgy, 2012). 
A significant weakness of PTC for organic cucurbit production is that no organic 
insecticides are effective enough to kill a high percentage of the pests before they advance into 
the main crop. When using conventional rather than organic insecticides, PTC has controlled 
cucumber beetles effectively in main crops of muskmelon and butternut squash with a squash 
perimeter crop; these studies reduced insecticide use sharply by minimizing the frequency of 
sprays applied to the main crop (Pair, 1997; Cavanagh et al., 2009). In the Pair (1997) study, 
control of squash bug was effective in muskmelon and watermelon with a squash perimeter, 
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but less effective when squash was used as a main crop. A field trial that tested the 
effectiveness of PTC in organic muskmelon using a squash perimeter crop in Iowa and Ohio 
found that PTC did not reduce insecticide applications, increase yields, or reduce bacterial wilt 
incidence compared to a control treatment without a perimeter trap crop (C. Welty, The Ohio 
State University, unpublished data). The potential of PTC for effective organic management of 
cucumber beetles, squash bugs, or the pathogens they vector appears to be limited. 
Low tunnels are temporary physical barriers that use row cover fabric made of 
lightweight spunbond polypropylene to protect cucurbits from pests (Saalau Rojas et al., 2011; 
Arancibia, 2018). The fabric is suspended over plants on 1.5-ft-high wire hoop supports. The 
fabric should be applied immediately after transplanting seedlings, and the edges should be 
secured tightly to the soil with weights such as rock bags or sand bags to minimize access by 
insects (Arancibia, 2018). The row cover fabric is removed when female flowers (those which 
are capable of being pollinated and producing fruit) appear, in order to provide pollinators with 
access to plants (Saalau Rojas et al., 2011; Arancibia, 2018). 
An Iowa study that tested low tunnels on summer squash found decreases in squash 
vine borer populations and increases in marketable yield, but these benefits occurred in only 
one of two site-years. Furthermore, control of squash bug-transmitted CYVD was negligible 
(Tillman et al., 2015). Control of bacterial wilt in muskmelon using low tunnels has also been 
researched in Iowa. In trials that used no insecticides, comparison of pest control between non-
covered plots and plots with low tunnels removed at female flowering found that low tunnels 
successfully excluded beetles during the covered period but that beetle populations in the low 
tunnel plots quickly surpassed populations in non-covered plots after row covers were removed 
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for pollination (Mueller et al., 2006). Although incidence of bacterial wilt was significantly less in 
the low tunnel treatment, the presence of cucumber beetles and even relatively low amounts 
of bacterial wilt in the low tunnel treatment indicated a need for improved control.  
A subsequent Iowa study, again in the absence of insecticide use, evaluated delaying 
row cover removal by 10 days to extend the duration of low-tunnel-covered plant protection 
(Saalau Rojas et al., 2011). In one delayed-removal treatment, tunnel ends were opened at 
female flowering to permit pollinator access, and row covers were removed ten days later. In 
the other delayed-removal treatment, bumble bee colonies were placed inside the low tunnel 
for pollination, and row covers were removed ten days later. Both delayed-removal strategies 
had significantly lower bacterial wilt incidence than treatments in which the row covers were 
removed at flowering; however, delayed removal also delayed harvest by up to one week. 
Depending on their marketing strategy, growers seeking price gains from early yields could 
experience reduced profitability from delayed harvest (Saalau Rojas et al., 2011).  
The use of pollinators in the Saalau Rojas et al. (2011) study prolonged the duration of 
row-covered protection, but row covers still needed to be removed to avoid overheating plants. 
The heat-trapping quality of spunbond polypropylene row covers typically restricts their use to 
early spring and late fall (Arancibia, 2018). Growers in Pennsylvania found that even lightweight 
spunbond polypropylene (Agribon-19®) row covers resulted in heat stress in cucumber and 
winter squash during the height of summer (Gauger, 2010). Available research indicates that 
low tunnels provide inconsistent control of the main insect pests and vectored bacterial 
diseases of cucurbits, and entail several additional drawbacks. 
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Tunnel systems with nylon-mesh covering. Tunnel systems that use nylon-mesh fabric 
instead of spunbond polypropylene for row covers are a potential alternative to low tunnels for 
cucurbit pest management. Nylon-mesh tunnels consist of a small-aperture screen mesh 
material (Castellano et al., 2008). On-farm research trials in Pennsylvania tested nylon mesh 
(ProtekNet) to exclude cucumber beetles, squash bugs, and squash vine borers from plantings 
of cucumber and winter squash (Gauger, 2010). ProtekNet was supported on short wire hoops, 
and purchased bumble bee boxes were placed inside the tunnels at the start of flowering. 
ProtekNet was temporarily removed from plants only for periodic harvesting and redeployed 
immediately afterward. The growers in the trial sought to use ProtekNet to reduce insecticide 
use and provide season-long physical protection against cucurbit pests without overheating 
plants. In cucumber, they found no evidence of entry by cucumber beetles and were very 
satisfied with yields and fruit quality in both years. Results on winter squash were less 
favorable. The growers found that squash plants touching the insect netting made it possible 
for squash bugs to lay eggs and feed on the leaves from outside the tunnels. They experienced 
lower squash yields than the previous year in which they used spunbond polypropylene row 
covers, and also noted that tendrils of the squash plants wrapped through the mesh and 
created small holes.   
Suspending ProtekNet on taller hoop supports may provide more effective pest control 
and reduce damage to the netting by preventing the plants from touching the fabric and 
twining through the mesh. Mesh insect netting could potentially eliminate insecticide use in 
cucurbits while providing full-season physical pest control. This approach could also be 
beneficial for control of bacterial pathogens that are vectored by insects. 
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Organic weed management and soil health 
Enhancing soil health—or at a minimum maintaining it—is a primary goal of organic 
agriculture (Agricultural Marketing Service, 2016; National Organic Program, 2018). However, 
weed management strategies currently used by some organic growers can degrade soil health 
or fail to conserve it. These practices include stale seed bedding, black plastic mulch, 
mechanical cultivation, and hand weeding (McErlich and Boydston, 2013). Stale seed bedding 
depletes weed populations at the soil surface by shallowly cultivating young weed seedlings 
before they grow taller than 1 inch. Shallow cultivation at an early growth stage limits their 
potential to re-root and avoids the use of more intensive tillage that would pull weed seed up 
to the soil surface. If practiced two to three times prior to transplanting seedlings, stale seed 
bedding can reduce the number of weed seeds at the soil surface and lessen late-season weed 
pressure. However, the market-driven need to plant as early as possible, combined with 
limitations imposed by spring weather, can make it challenging to accomplish stale seed 
bedding (Caldwell and Mohler, 2001; Johnson III and Mullinix Jr., 1998). Black plastic mulch is 
widely used in cucurbit production to conserve soil moisture, reduce weed pressure, and 
protect plants from diseases and insect pests. Although it is highly effective at suppressing 
weeds within rows of plants, it does not manage weeds in the soil alleys between plant rows, 
and the tillage required for its installation negatively impacts soil health (Tillman et al., 2015). 
To manage weeds in the alleys between plastic mulch, mechanical cultivation is a fast and 
moderately effective option. However, extensive cultivation reduces soil organic matter 
content and structure, contributes to soil erosion, and can only be done early in the season 
before cucurbit vines extend into the alleys between rows (Liebman and Davis, 2009; McErlich 
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and Boydston, 2013). Furthermore, prolonged periods of rainfall at the start of the season can 
prevent field access, adding to the challenges of depending on cultivation for weed control 
(Liebman and Davis, 2009). After cucurbit vines have extended into the alleys and mechanical 
cultivation is no longer possible, hand weeding is the only remaining option for late-season 
weeds. Because hand weeding can be one of the costliest inputs to managing organic crops in 
terms of labor and time, controlling weeds early in the season is important (McErlich and 
Boydston, 2013). Using crop-residue mulches or living mulches between rows of black plastic 
mulch in cucurbits could offset some of the damage done by tillage and black plastic mulch 
(Nair et al., 2014). These mulches could provide season-long weed suppression while 
counteracting erosion, increasing soil organic matter, improving soil structure, and lowering 
hand weeding costs (Tindall et al., 1991; Griffin et al., 2009; Nair et al., 2014). 
Case-based teaching 
Case-based teaching is an inductive teaching method shown to improve student 
performance in STEM disciplines compared to deductive, lecture-based teaching (Dameus et al., 
2004; Freeman et al., 2014). In case-based teaching, students are presented with a true or 
slightly fictionalized account (i.e., a case study) of an activity or problem relevant to their area 
of study and then presented with learning material that will aid them in finding solutions to the 
problem (Prince and Felder, 2006). Inductive teaching methods like case studies can be thought 
of as more active, experiential learning in which specific information is presented first followed 
by more broad, general material, whereas deductive methods such as lecture are more passive 
and begin with broad concepts followed by more detailed, specific application of those 
concepts (Dameus et al., 2004; Prince and Felder, 2006). By first presenting students with a 
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specific problem relevant to their area of study and interests, case studies and deductive 
learning methods create a “need to know” within students, enhancing their critical thinking 
ability, problem-solving skills, and retention of material (Prince and Felder, 2006; Popil, 2011). 
The use of case studies in science classrooms gained popularity in the 1990s, although 
they had historically been avoided in science classrooms, possibly because the narrative voice 
in which they are written can appear to conflict with the objectivity of science (Jonassen and 
Hernandez-Serrano, 2002; Herreid, 2012). However, presenting case studies in a narrative 
format helps students contextualize important learning material and more readily explore 
different perspectives (Jonassen and Hernandez-Serrano, 2002; Herreid, 2012). Case studies 
can provide students with all the important thought processes and learning of a real work 
experience when real experience might otherwise be too difficult to come by or control 
(Jonassen and Hernandez-Serrano, 2002). 
 The American Phytopathology Society (APS) Education Center is the site of The Plant 
Health Instructor—an online journal of peer-reviewed case studies and other resources for 
plant pathology education (The American Phytopathological Society, 2019). APS case studies 
are targeted toward introductory plant pathology education and use a story line to examine 
plant health related subjects such as disease diagnosis or management of specific diseases.  As 
a prerequisite to publishing in The Plant Health Instructor, case studies must be tested in an 
actual classroom consisting of the target audience, and appropriate modifications must be 
made based on feedback provided by the class. Publishing case studies in The Plant Health 
Instructor demonstrates scholarship in teaching and learning. 
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Thesis Objectives 
This thesis had three objectives: 1) evaluate effects of organic row cover and insecticide 
treatments on marketable yield, incidence of disease and insect injury, frequency of insecticide 
application, and air temperature in muskmelon and acorn squash; 2) evaluate organic mulches 
in these crops for impact on marketable yield, weed control, and contribution to soil carbon; 
and 3) develop a case study to improve education on organic management of cucurbit crops for 
undergraduate-level introductory plant pathology. 
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Abstract 
Existing organic pest management strategies often do not provide effective control of 
several insect pests and diseases of cucurbit crops, including striped cucumber beetle 
(Acalymma vittatum (F.)), spotted cucumber beetle (Diabrotica undecimpunctata howardi 
(Barber)), squash bug (Anasa tristis De Geer), squash vine borer (Melittia cucurbitae Harris), 
bacterial wilt, and cucurbit yellow vine disease (CYVD). The goal of this study was to develop 
row cover strategies that provide full-season control of this pest and disease complex in organic 
muskmelon (Cucumis melo subsp. melo var. cantalupensis) and acorn squash (Cucurbita pepo 
var. turbinata) in Iowa while improving yield and reducing insecticide applications. In a 3-year 
(2016-2018) field experiment in Iowa, mesotunnels - nylon mesh row covers supported on 3.5-
ft-tall conduit hoops - were compared with low tunnels made of spunbond polypropylene row 
covers on 1.5-ft-tall wire hoops. Boxes of bumble bees (Bombus impatiens) were placed inside 
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full-season mesotunnels (FMT) to facilitate pollination without removing row covers and 
exposing plants to pests. Pollination was accomplished in part-season mesotunnels (PMT) by 
temporarily removing row covers when female flowers began to bloom and reapplying them 
after two weeks, and pollination in low tunnels (LT) was facilitated by permanently removing 
row covers when female flowers began to bloom. A control treatment (NC) had no row covers. 
Insecticides were applied during the noncovered periods in each treatment based on pest 
monitoring data. Marketable yield in FMT and PMT in both crops was statistically higher than in 
LT or NC in some seasons, and FMT and PMT consistently resulted in at least twice the 
marketable yield of LT. In both crops, FMT did not receive any insecticide applications, NC 
required the most applications, and PMT and LT were intermediate and similar. Incidence of 
disease and pest injury on muskmelon in FMT was zero in all three years—the lowest of all 
treatments. Similarly, incidence of disease and pest injury in squash was lowest in FMT in all 
three years. Maximum daily temperatures inside mesotunnels were similar to temperatures in 
NC whereas temperatures in LT were much higher. In our trials, mesotunnels provided superior 
full-season pest and disease protection in muskmelon and squash while reducing insecticide 
use and enhancing marketable yield.   
 
Introduction 
Striped cucumber beetle (Acalymma vittatum (F.)), spotted cucumber beetle (Diabrotica 
undecimpunctata howardi (Barber)), squash bug (Anasa tristis De Geer), and squash vine borer 
(Melittia cucurbitae Harris) are major pests of crops in the Cucurbitaceae family. Cucumber 
beetles cause feeding damage and seedling mortality in muskmelon and squash (Cucurbita 
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spp.) and vector the bacterium Erwinia tracheiphila (E.F. Sm) Holland, the causal agent of 
cucurbit bacterial wilt (Brust, 1997; Fleischer et al., 1999; Hoffmann et al. 2000). Squash bug 
and squash vine borer are pests primarily on squash. Squash bug causes feeding damage and 
vectors the bacterium Serratia marcescens, the causal agent of cucurbit yellow vine disease 
(CYVD) (Bruton et al., 2003; Doughty et al., 2016; Neal, 1993). The larval stage of squash vine 
borer kills squash by burrowing through stems and disrupting phloem and xylem (Bruton et al., 
2003; Middleton, 2018; Mitchell, 2000). 
Management of these pests in organic agriculture is challenging, and existing strategies 
have substantial limitations. Organic insecticides such as pyrethrins, neem oil, kaolin clay, and 
Bacillus thuringiensis are often tank-mixed and sprayed on cucurbit crops, but they have 
minimal residual activity and are highly toxic to pollinators (Bond et al., 2012, 2014; Doughty et 
al., 2016; Middleton, 2018; Minter and Bessin, 2014; Perez et al., 2015). Alternatively, row 
covers can provide barriers for protection against pest insects and the pathogens they vector. 
For example, low tunnels – 18-inch-high temporary tunnels with spunbond polypropylene row 
covers deployed over wire hoops –can protect against cucurbit insect pests and associated 
diseases for a portion of the growing season. However, the need to remove these barriers early 
in the season leaves plants vulnerable to pests and pest-vectored diseases (Mueller et al., 
2006). The ability to trap heat makes spunbond polypropylene row covers useful for frost 
protection in early spring and late fall, but full-season use is usually not possible due to the risk 
of overheating seedlings at the height of summer (Gauger, 2010; Arancibia, 2018). Squash 
growers in Pennsylvania found that plants suffered from heat stress under spunbond 
polypropylene row covers, the fabric tore easily, and the tunnels did not prevent squash bug 
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infestations (Gauger, 2010). Row covers must also be removed on cucurbits to allow for 
adequate pollination, which is essential to maximize yield (Hodges and Baxendale, 2007). 
Because cucurbits are exclusively insect-pollinated, removing row covers allows pollinators to 
access the female flowers that give rise to fruit (Minter and Bessin, 2014). 
Removing row covers leaves plants vulnerable to pests during the period between 
removal and harvest. An Iowa study attempted to prolong the pest-protection benefits of 
spunbond polypropylene row covers by delaying removal until 10 days after flowering (Saalau 
Rojas et al., 2011). In one delayed-removal treatment the ends of the tunnels were lifted to 
permit pollinator access after female flowers began to bloom; in another treatment, bumble 
bee boxes were placed inside the ends of low tunnels when flowering began and removed 
along with the row cover 10 days later. Both of these treatments reduced incidence of bacterial 
wilt compared to the traditional low tunnel strategy in which row covers were removed at 
flowering, but delayed removal led to a one-week delay in harvest, which can reduce 
profitability for growers seeking price gains for early yield.  
Another type of row covering—nylon mesh insect netting (ProtekNet; DuBois 
AgrInovation, Saint-Remi, Quebec, Canada)—was tested in on-farm trials in Pennsylvania as an 
alternative to spunbond polypropylene (Gauger, 2010). ProtekNet was expected to overcome 
the limitations of spunbond polypropylene by providing season-long protection against cucurbit 
pests without causing overheating of plants. In cucumber and squash trials, growers deployed 
ProtekNet over 1.5-ft-tall wire hoops identical to those used for low tunnels. Growers 
expressed satisfaction with cucumber yields and fruit quality and found no evidence of beetles 
passing through the ProtekNet. However, winter squash plants pressed against the ProtekNet 
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and made it possible for squash bugs to feed and lay eggs on the leaves from outside the 
tunnels. Lower squash yields were found under ProtekNet than under spunbond polypropylene, 
and squash tendrils wrapped through the mesh netting and ripped small holes in it. 
“Mesotunnels”—modified tunnels with nylon-mesh insect netting suspended on taller 
hoop supports – may be able to overcome some of the limitations of low tunnels and spunbond 
polypropylene row covers. By minimizing contact between plants and the row covers and 
reducing the risk of overheating plants, mesotunnels could provide full-season pest protection 
in organic muskmelon and winter squash. The objectives of the present research were to 
compare several row cover systems for differences in incidence of disease and insect pest 
damage, number and weight of marketable fruit, number of insecticide applications, and 
maximum temperatures inside tunnels. 
 
Materials and Methods 
Trials were conducted on muskmelon and acorn squash from 2016 to 2018 at the Iowa 
State University Horticulture Research Station near Gilbert, IA (lat. 42°6’23.748”N, long. 
93°35’23.372”W). The land in all 3 years was certified organic; it had previously been in mixed 
pasture until 2015, and was in transition to organic from 2013 to 2016 (Table 1). Prior to year 1 
of the present experiment, plots were planted in pepper (Capsicum annuum) and broccoli 
(Brassica oleracea var. italica). Prior to year 2, fields were planted in cereal rye (Secale cereale). 
Prior to year 3, fields were planted in a mixture of cow pea (Vigna unguiculata), sunn hemp 
(Crotalaria juncea), and sorghum-sudangrass (Sorghum bicolor x S. bicolor var. Sudanese). 
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Fields were rough-tilled in early spring, and organic composted cow and horse manure 
(Iowa State University Compost Facility, Ames, IA) was applied and incorporated within 24 
hours of application (Table 2). Compost application was based on pre-plant soil and compost 
assays for nitrogen, phosphorus, and potassium. To meet remaining N-P-K needs, organic 
bagged fertilizer was broadcast in plant rows; these fertilizers included 2-3-3 (Midwestern 
BioAg, Madison, WI) in 2016, and 4-6-4 (Suståne Natural Fertilizer, Inc., Cannon Falls, MN) in 
2017 and 2018. Subsequently, a single 5/8”, 8-mil drip tape with 8-inch emitter spacing (flow 
rate 0.13 gph at 8 psi; The Toro Company, Bloomington, MN) was laid under black plastic mulch 
(BEM44, Nolt’s Midwest Produce Supplies, Charles City, IA) on 6-ft row centers. Organic 
chopped corn stover was applied to alleys between plastic mulch to a 6-inch depth.  
Non-treated seeds of ‘Athena’ muskmelon and ‘Table Ace’ acorn squash (Seedway LLC., 
Hall, NY) were sowed into 48-cell trays with organic potting mix (Mix no. 12; Beautiful Land 
Products, West Branch, IA) approximately 3 weeks prior to transplanting. Two-week-old 
seedlings were hardened off in an outdoor shade house under mesh insect netting (ProtekNet, 
60 g). Three-week-old seedlings were transplanted into plastic mulch with 2-ft in-row spacing 
using a water wheel transplanter (Rain-Flow 1600 series II; East Earl, PA). 
Treatment subplots were arranged in four replications in a randomized complete block 
(2016 and 2018) or Latin square design (2017).  One control treatment featured low tunnels 
(LT), which are widely used by organic growers of cucurbits (Table 1). Low tunnels consisted of 
spunbond polypropylene row covers stretched over 18-inch-high wire hoops (Arancibia, 2018). 
The row covers on low tunnels were removed at the start of flowering, after which insecticide 
sprays were applied until harvest based on field scouting data for insect pests (Brust and Foster, 
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1999; Doughty et al., 2016; Middleton, 2018), until harvest. The part-season mesotunnel (PMT) 
treatment consisted of ProtekNet row covers on 3.5-ft-tall steel conduit hoops; the covers were 
removed at flowering to allow pollinator access, then replaced two weeks later. Insecticides 
were applied during the uncovered period based on results of monitoring. The full-season 
mesotunnels (FMT) treatment had the same ProtekNet covering and hoop support as the PMT 
treatment, but the covers remained in place until harvest began. A single bumble bee box 
(Koppert Biological Systems, Howell, MI) was placed inside each tunnel subplot at flowering to 
ensure pollination. A non-covered control (NC) had no row covers, and insecticides were 
applied season-long based on monitoring and scouting thresholds. Row cover treatments were 
randomly assigned to subplots containing 45 plants in each block. Each subplot consisted of 
three 30-ft-long rows with 6 ft between rows and 2-ft in-row spacing between plants. 
Row cover treatments were applied to subplots beginning at transplanting. In PMT and 
FMT subplots, conduit hoops were centered over rows at 6-ft spacing and ends were buried 6 
to 8 inches deep in the soil. Conduit hoops were created by bending 10-ft lengths of 1-inch-
diameter galvanized metal conduit pipe with a QuickHoops™ 4 ft x 4 ft Low Tunnel Bender 
(Johnny’s Selected Seeds, Fairfield, ME). ProtekNet row covers (26 ft x 40 ft) were draped over 
conduit hoops, and edges were secured to the soil surface using rock bags. Rock bags were 
prepared by filling 36-inch lengths of hold-down netting (Berry Hill Irrigation, Inc., Buffalo 
Junction, VA) with river rock and knotting both ends. In LT subplots, hoops were made of 64-
inch lengths of 9-gauge galvanized steel wire. Eleven wire hoops were centered over each 30-ft 
row at 2.5-ft spacing and ends were inserted approximately 5 inches into the soil. Agribon® 
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(AG-30; Berry Plastics, Evansville, IN) row covers (26 ft x 40 ft) were draped over wire hoops, 
and edges were secured to the soil surface using rock bags. 
In 2016, a pollination action threshold was reached when 50% of the plants in LT, PMT, 
and FMT subplots had female flowers blooming. In 2017 and 2018, however, the pollination 
action threshold was modified to begin at the first appearance of any blooming female flowers. 
When the action threshold was reached, row covers in the LT subplots were removed, and row 
covers in PMT subplots were removed temporarily and reapplied 2 weeks later. In FMT 
subplots, instead of removing row covers for pollination, a Class C bumble bee box (Koppert 
Biological Systems) was placed on a layer of bricks inside one end of each FMT tunnel. Class C 
bee boxes were discontinued after 2017, so comparable Excel Startup bumble bee boxes 
(Koppert Biological Systems) were used in 2018. Flight holes in the boxes were oriented parallel 
to the crop rows, and ventilated plastic laundry baskets were placed over tops of the hives to 
protect against rain and sunlight.  
Plants were scouted weekly throughout the growing season for non-target diseases. 
Leaf tissue samples of symptomatic plants were submitted to the Iowa State University Plant & 
Insect Diagnostic Clinic (Ames, IA) for initial disease diagnosis. The appearance of new foliar 
lesions noted by weekly disease scouting triggered applications of copper hydroxide (Champ® 
WG; Nufarm Americas Inc., Burr Ridge, IL). Copper hydroxide was applied to uncovered 
subplots or sprayed directly through ProtekNet row covers. Subplots were hand-weeded during 
the periods when subplots were not protected by row covers or prior to placement of bee 
hives. At the start of harvest, all remaining row covers were removed. 
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Data collection 
Pest-insect monitoring and insecticide applications. Insecticides were applied based on 
pest monitoring data (Table 3). Striped cucumber beetles, spotted cucumber beetles, and 
squash bugs were scouted twice weekly until plants developed six leaves, and once weekly 
thereafter in all squash and melon treatments during noncovered periods. Pest insects were 
counted in three arbitrarily located 0.5- x 0.5-meter sampling quadrats in the center row of 
each subplot and averaged for each treatment. The spray threshold for cucumber beetles was 
0.5 beetles per sampling quadrat until plants developed six leaves, then one beetle per 
sampling quadrat thereafter (Brust and Foster, 1999). Economic threshold for squash bugs was 
one egg mass, nymph, or adult per sampling quadrat throughout the season (Doughty et al., 
2016). If threshold was met for either or both pests in a treatment, a tank mix of kaolin clay 
(Surround™ WP; Tessenderlo Kerley, Inc., Phoenix, AZ), pyrethrins (Pyganic® Crop Protection EC 
5.0 ii; MGK Company, Minneapolis, MN), and neem oil (Trilogy® 70EC; Certis USA, L.L.C., 
Columbia, MD) was sprayed.  
Scouting of squash vine borer moths occurred weekly using a single pheromone trap 
(Great Lakes IPM, Inc., Vestaburg, MI) that was placed at plant height within 10 feet of the edge 
of the squash field. The economic threshold for squash vine borer was 1 moth per trap 
(Middleton, 2018). If threshold was reached, Bacillus thuringiensis (DiPel PRO DF; Valent 
BioSciences Corporation, Libertyville, IL) was either sprayed on the stems of squash plants, or 
foliar-applied in a tank mix with pesticides for cucumber beetles and squash bugs. 
Disease & pest injury. Incidence of disease symptoms and pest injury was recorded 
weekly for all plants in the center row of each subplot (Table 3). A plant was considered to have 
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insect injury if there was evidence of squash vine borer tunneling or if the injuries from 
cucumber beetle or squash bug feeding were severe enough to cause a visible decline in plant 
vigor. During each scouting period, stem and leaf samples were collected from at least three 
plants exhibiting CYVD symptoms and three plants exhibiting bacterial wilt symptoms (if 
available). Erwinia tracheiphila and S. marcescens were cultured from plant tissue by surface 
sterilizing 1-inch-long stem or petiole segments in 0.5% NaOCl for 2 minutes followed by triple-
rinsing with sterile distilled water. Sterilized tissues were cut into transverse cross-sections with 
a sterile scalpel to expose xylem and phloem vessels, which were dabbed onto plates of 
nutrient agar peptone (NAP) or King’s B (KB) media. Plates were incubated at 28°C to 30°C for 2 
to 5 days, and bacterial colonies resembling E. tracheiphila or S. marcescens were streaked onto 
NAP or KB plates and incubated to obtain pure cultures (Saalau Rojas et al., 2013). Pure 
colonies were amplified using the forward and reverse E. tracheiphila-specific primer eop1 (O. 
Olawole, Iowa State University, unpublished data) or the S. marcescens-specific primer a79 
(Zhang et al., 2005). Isolates confirmed as either bacterium were suspended in NAP or KB broth 
with 25% glycerol and maintained in -80o C storage.  
Yield. At harvest, all muskmelon and squash were picked from the center row of each 
subplot and categorized as marketable or nonmarketable, then counted and weighed (Table 4). 
Fruit were nonmarketable if the combined surface area of superficial damage (i.e., sunscald, 
insect or rodent feeding injury) exceeded 5% of the fruit surface area, if any degree of damage 
extended into the fruit flesh (i.e., cracking, insect or rodent feeding injury), or if soft spots were 
present (Agricultural Marketing Service, 2006). Muskmelon weighing less than 3 pounds and 
acorn squash weighing less than 1 pound were considered nonmarketable. 
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Temperature and relative humidity. Air temperature and relative humidity were 
measured beneath both Agribon™ and ProtekNet row cover fabrics in muskmelon. One 
WatchDog A150 temperature sensor (Spectrum Technologies, Inc., Aurora, IL) was placed 6 
inches above the soil surface between two rows of plants in each of three PMT subplots, three 
LT subplots, and three NC subplots.  Temperatures were recorded hourly from the time row 
covers were installed until row cover removal. Daily maximum temperatures and daily average 
temperatures recorded by sensors were averaged for each treatment. 
Statistical analysis 
Data were subjected to analysis of variance (ANOVA) using RStudio (version 1.1.383; 
RStudio, Inc., Boston, MA). Significant effects (P<0.05) were investigated by separation of 
means with Tukey’s honestly significant difference multiple comparisons adjustment. Because 
homogeneity of variance criteria for pooling the three years of data were not met, data for 
each year were analyzed separately. 
 
Results 
Yield  
Muskmelon. In 2016, full-season mesotunnel (FMT) marketable yield was significantly 
greater than for any other treatment in both mean weight of fruit per plant and number of fruit 
per plant (Table 4). Marketable yields of the other treatments were statistically similar to each 
other. In 2017, FMT and part-season mesotunnel (PMT) yielded 7.0 and 6.3 lb of muskmelon 
per plant, respectively, which was significantly more than the non-covered control (NC) (2.3 
lb/plant). The low tunnel (LT) treatment yielded 3.2 lb of marketable muskmelon per plant, 
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which was statistically similar to the other treatments. The trends among treatments for weight 
of marketable muskmelon in 2018 were the same as in 2017. The number of marketable 
muskmelon in 2018 was significantly higher in PMT and FMT than NC. 
Acorn squash. In 2016, FMT yielded significantly more weight and number of marketable 
squash per plant than NC. The weight and number of marketable squash in LT and PMT were 
intermediate and statistically similar to FMT and NC. In 2017, FMT and PMT yielded significantly 
higher weight and number of marketable squash than NC, and yields in LT were intermediate 
and statistically similar to the other treatments. In 2018, FMT had a significantly higher number 
and weight of marketable squash than the other treatments. 
Insecticide applications 
In muskmelon and squash, FMT required no insecticide applications in any of the three 
years (Table 3). In contrast, NC averaged 10.7 insecticide-spray trips per year for acorn squash 
and 5.0 trips for muskmelon. PMT and the low tunnel treatment (LT) were intermediate; LT 
averaged 1.0 trip per year in muskmelon and 6.3 trips in acorn squash, whereas the PMT 
treatment averaged 0.7 trips for muskmelon and 3.0 trips for acorn squash. 
Incidence of disease and pest injury 
Muskmelon. Diseases observed in muskmelon included cucurbit bacterial wilt and 
anthracnose as evidenced by isolation of E. tracheiphila and Colletotrichum orbiculare, 
respectively, from symptomatic samples. Pest injury in muskmelon was caused by cucumber 
beetles. FMT resulted in no disease or pest-injury symptoms in muskmelon in any of the three 
years (Table 3). In 2016, both FMT (0%) and PMT (13%) had significantly lower incidence of 
disease and pest-injury symptoms than both NC (55%) and LT (51%). In 2017, FMT (0%) had 
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significantly lower incidence of disease and pest injury than LT (55%), and in 2018, both FMT 
(0%) and PMT (5%) had significantly lower incidence of disease and pest injury than NC (70%).  
Acorn squash. CYVD was the only disease diagnosed in acorn squash, as evidenced by 
isolation of S. marcescens from symptomatic tissue. Squash vine borer, cucumber beetle, and 
squash bug caused pest injury in acorn squash. FMT experienced the lowest levels of disease 
and pest injury in all three years. In 2016, FMT and PMT had 0% incidence of disease and pest 
injury—significantly lower than NC (31%). In 2017, incidence of disease and pest injury in FMT 
was 20%, but significantly less than LT (85%) or NC (85%). In 2018, FMT (10%) experienced 
significantly less disease and insect-pest damage than PMT (68%), LT (66%), or NC (87%).  
Air temperature and relative humidity  
Average daily maximum temperatures beneath netted ProtekNet row covers (PMT) 
were similar to average daily maximum ambient air temperatures (NC) (Fig. 1). Average daily 
maximum temperatures in NC and PMT remained within 1.4 and 8.7° F of each other 
throughout the row-covered period. The maximum temperature under PMT was 115.9o F on 
May 27, whereas the maximum temperature in NC was 107.7o F on the same date. In contrast, 
the maximum temperature beneath Agribon row covers (LT) was 163.2o F on June 1. Daily 
average temperatures inside FMT were about 1 to 2 o F higher than average temperatures in 
NRC during the first half of the season (Fig. 2). Daily average relative humidity was about 5% 
lower in LT, and daily average relative humidity in PMT and NC was similar (Fig. 3). 
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Discussion 
This is the first time mesotunnel systems for cucurbit crops have been evaluated in 
replicated field trials. In organic production systems in Iowa, mesotunnels provided yield gains 
over low tunnels (LT) and the noncovered control (NC). Although yield in FMT and PMT was not 
always statistically higher than LT, they consistently provided nearly two or more times the 
marketable yield of LT in both crops. FMT yields were consistently the highest and statistically 
outperformed LT and PMT in one year on both crops. Yield gains may be attributable to 
treatment differences in disease and insect pest pressure, but may also have been enhanced by 
pollination provided by the bumble bees that were added to FMT and the 1 to 2 o F increase in 
average temperature in FMT compared to NRC. Overall plant health seemed to be improved in 
FMT, as noted by visual observations that plants were larger and fuller. Although pollination 
with purchased bumble bees was effective in our small-plot (60 m2) trials, it is not clear how 
they would perform in larger mesotunnels. The bumble bee boxes are intended for use in 
greenhouses at scales nearly 10 to 15 times larger – 750 and 930 m2 for C class hives (2016, 
2017) and Excel hives (2018), respectively. At larger scales in field environments, their 
performance could be different. Future research should investigate the efficiency of bumble 
bee boxes in mesotunnels in commercial-scale production.  
Our trials support and extend results of on-farm trials in Pennsylvania that tested mesh 
insect netting for cucurbit production in low tunnels (Gauger, 2010). By using the mesh netting 
on taller tunnel structures, we hoped to create enough clearance between plants and fabric to 
minimize problems noted by these researchers, including oviposition by squash bugs on leaves 
pressed against the fabric and penetration of the fabric by plant tendrils. Although increased 
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tunnel height in muskmelon limited damage caused by tendrils to the perimeters of the 
mesotunnels, it was not tall enough to prevent squash bug oviposition on squash plants that 
eventually touched the tops of mesotunnels.  Using taller tunnels or a lower-growing cultivar of 
squash could minimize contact between squash leaves and the tops of the mesotunnels, and 
creating more space between plants and ProtekNet at the tunnel perimeter could minimize 
ProtekNet damage from muskmelon tendrils. Reducing row spacing from 6 ft. to the minimum 
acceptable spacing for muskmelon and bush type squash - 5 ft. and 4 ft., respectively - would 
add 1 to 2 ft of distance between plant rows and the row cover around mesotunnel perimeters 
(Egel et al., 2018). 
Apart from damage by tendrils, we found the mesh insect netting to be more durable 
than spunbond polypropylene row covers. Poor durability of spunbond polypropylene row 
covers is a frequently cited problem (Gauger, 2010; High Mowing Organic Seeds, 2017; 
Arancibia, 2018). In windy conditions, the spunbond polypropylene material repeatedly beat 
against low tunnel hoops, creating large rips that could be mended with duct tape only 
temporarily. Because wind passes easily through the mesh netting, it was easier to work with 
during installation and did not develop tears. Furthermore, holes in the mesh insect netting 
created by tendrils were easily mended with monofilament fishing line, and the mends were 
sturdy and permanent. By mending holes, we were able to obtain three years of use from 
ProtekNet row covers; however, mending may not be desirable at larger scales or with less 
labor available. 
Despite the presence of some small holes in the mesh insect netting, full-season 
mesotunnels eliminated pest pressure in muskmelon and eliminated or significantly reduced 
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pest pressure in acorn squash. When compared to low tunnels (LT), full-season mesotunnels 
(FMT) were superior to part-season mesotunnels (PMT) for pest protection. FMT provided 
better pest protection than LT in 2 of 3 years on both crops, whereas PMT outperformed LT in 
only 1 year in muskmelon and zero years in squash.  
Pesticide spray reduction is another important benefit of mesotunnels. FMT required no 
insecticide applications in either crop.  While PMT required fewer insecticide applications than 
LT in acorn squash, it required the same amount of applications as LT in muskmelon and always 
required more sprays than FMT. Reducing insecticide use is a desirable goal because these 
applications expose farm workers to health risks, reduce biological control potential of 
landscapes by harming beneficial insects, and can lead to insecticide-resistant pest populations 
(Geiger et al., 2010; Pimentel et al., 1992). Furthermore, FMT eliminated applications of 
pyrethrin—an insecticide that is widely used to manage the main insect pests of cucurbits 
organically and which is highly toxic to pollinators (Bond et al., 2014). Protecting pollinators is 
essential to cucurbit production because the ability of cucurbits to produce fruit is entirely 
dependent on insect pollination (Hodges and Baxendale, 2007; Minter and Bessin, 2014). 
Our results show that full-season mesotunnels could become a viable strategy for 
organic cucurbit production by eliminating insecticide applications while enhancing yields and 
providing superior pest protection. Further work is needed to compare the cost-effectiveness of 
mesotunnels with low tunnels. Nylon-mesh fabric and conduit hoops are more expensive than 
the spunbond polypropylene fabric and wire hoops used in low tunnels, and the cost of 
bumble-bee hives further increases the expense of FMT over PMT and LT. However, savings 
from reduced insecticide applications and increased marketable yield may outweigh the 
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expense of materials. Economic analysis is needed to determine the scenarios in which each 
tunnel type is suitable for organic squash and muskmelon production. 
 
Conclusion 
Based on our findings, mesotunnels are an effective alternative to low tunnels for 
organic management of cucurbit diseases and insect pests in the Upper Midwest U.S. While 
challenges remain to be worked out, such as mitigating damage from tendrils and squash bug 
oviposition on leaves touching the nylon mesh, mesotunnels provided superior pest protection 
in both crops for the entire season without overheating plants. Bumble bee boxes add to the 
cost of full-season mesotunnels compared to part-season mesotunnels, but by allowing full-
season use of the nylon mesh, full-season mesotunnels eliminated insecticide use and provided 
higher marketable yield and greater pesticide savings than other treatments. Results varied 
between crops. Differences in spray savings between treatments were greatest in squash 
whereas pest protection from mesotunnels was more thorough in muskmelon. Trends in yield 
enhancement were similar for both crops. While yield gains and pesticide savings may make 
the higher costs of materials for mesotunnels worthwhile, economic analysis is needed to 
determine cropping situations in which one treatment is preferable to another.  
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Tables 
 
Table 1. Treatments for field experiments conducted at the Iowa State University Horticulture Research 
Station, Ames, Iowa, on muskmelon (cv. Athena) and acorn squash (cv. Table Ace) during 2016-2018.z 
Treatment 
Row cover 
material Hoop material Management Strategy 
NC 
Non-covered 
 
n/a n/a No row covers; Insecticides appliedx 
LT 
Low tunnel 
 
Spunbond 
polypropylene 
Wire; 64-inch, 9-gauge, 
galvanized steel 
Row covers permanently removed at 
action thresholdy; insecticides applied 
during uncovered periodx 
 
PMT 
Part-season 
mesotunnel 
 
Nylon mesh 
insect netting 
Conduit; 10-ft, 1-inch 
diameter, galvanized 
metal 
Row covers temporarily removed at 
action threshold and reinstalled 2 weeks 
latery; insecticides applied during 
uncovered periodx 
 
FMT 
Full-season 
mesotunnel 
Nylon mesh 
insect netting 
Conduit; 10-ft, 1-inch 
diameter, galvanized 
metal 
Bumble bee boxes placed inside 
mesotunnel within 1 week of action 
threshold y; no uncovered periods and 
no insecticides applied 
z The land used was mixed pasture for several years until 2015, and was in transition to organic certification from 2013 to 2016. Prior to year 1 
of the present experiment (2016), plots were planted in pepper (Capsicum annuum) and broccoli (Brassica oleracea var. italica). Prior to 2017, 
fields were planted in cereal rye (Secale cereale). Prior to 2018, fields were planted in a mixture of cowpea (Vigna unguiculata), sunn hemp 
(Crotalaria juncea), and sorghum-sudangrass (Sorghum bicolor x S. bicolor var. Sudanese). 
y The action threshold was defined in 2016 as the date when 50% of plants had female flowers blooming. The threshold was modified in 2017 
and 2018 to begin at the first appearance of any blooming female flowers.  
x Insecticides were applied based on insect pest data collected by scouting twice weekly until plants reached the 6-leaf stage and once weekly 
thereafter. 
  
 42
Table 2. Dates for field experiments conducted at the Iowa State University 
Horticulture Research Station, Ames, Iowa during 2016-18 to evaluate organic 
row cover treatments in muskmelon (cv. Athena) and acorn squash (cv. Table 
Ace). 
Operation 2016 2017 2018 
Soil sampling 15 Mar 31 Mar 29 Mar 
Rough tillz 3 May 11 Apr  
Compost & tilly 16 May 9 May 26 Apr 
Muskmelon and squash seeded 10 May 11 May 3 May 
Transplant seedlings & apply treatments 1 Jun 31 May 23 May 
Row cover removalx    
LT – muskmelon 5 July 22 Jun 13 Jun 
LT – squash 5 July 22 Jun 13 Jun 
PMT – muskmelon 22 Jun 22 Jun 13 Jun 
PMT – squash 24 Jun 22 Jun 13 Jun 
Bumble bee box placementx    
FMT – muskmelon 24 Jun 27 Jun 19 Jun 
FMT – squash  28 Jun 27 Jun 19 Jun 
Row cover reapplication    
PMT – muskmelon 5 Jul 7 Jul 28 Jun 
PMT – squash 8 Jul 7 Jul 28 Jun 
z The date of rough tillage was not recorded in 2018. 
y In 2016, compost was applied at a rate of 10 tons per acre. In 2017, compost was applied to obtain maximal 
nitrogen from compost at rates of 5 and 9 tons per acre for melons and squash respectively. In 2018, compost 
was applied to obtain 50% nitrogen from compost.  
x Refer to table 1 for summary of treatments. 
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Table 3. Number of insecticide applications and incidence of disease and pest injury in muskmelon 
(cv. Athena) and acorn squash (cv. Table Ace) on the date of first harvest for field experiments 
evaluating organic-approved row cover treatments in Iowa in 2016-18. 
Cropz Year 
Row cover 
treatmenty 
Insecticide applicationsx 
Incidence of 
disease & pest 
injury (%)v 
Cucumber 
beetle and/or 
squash bug 
Squash 
vine 
borerw 
No. of 
spray trips 
Muskmelon 2016 NC 6  6 55       a 
LT 2  2 51       a 
PMT 1  1 13       b 
FMT 0  0 0        b 
2017 NC 6  6 50      ab 
LT 1  1 55        a 
PMT 1  1 22      ab 
FMT 0  0 0         b 
2018 NC 3  3 70       a 
LT 0  0 37     ab 
PMT 0  0 5         b 
FMT 0  0 0         b 
Acorn 
squash 
2016 NC 8 6 13 31       a 
 LT 3 5 8 22     ab 
 PMT 1 2 3 0        b 
 FMT 0 0 0 0        b 
2017 NC 7 2 9 85       a 
 LT 3 2 5 85       a 
 PMT 2 1 3 68     ab 
 FMT 0 0 0 20       b 
2018 NC 9 2 10 87       a 
 LT 5 2 6 66       a 
 PMT 2 2 3 68       a 
 FMT 0 0 0 10       b 
z Experiments were conducted separately on muskmelon and acorn squash. 
y NC = non-covered, insecticides applied; LT = spunbond polypropylene row covers permanently removed at action threshold, insecticides 
applied during the uncovered period; PMT = insect netting row covers temporarily removed at action threshold, then reinstalled 2 weeks 
later, insecticide sprays applied during the uncovered period; FMT = bee hives placed inside mesotunnel within 4 days of reaching action 
threshold, no uncovered periods and no insecticide sprays. The action threshold was defined in 2016 as the date when 50% of plants had 
female flowers blooming and was modified in 2017 and 2018 to begin at the first appearance of any blooming female flowers. 
Treatments were arranged in a randomized complete block design, except in 2017 when experimental design was a Latin square. There 
were four replications. 
x During uncovered periods, treatments were scouted for cucumber beetles, squash bugs, and squash vine borer moths. A tank-mix of 
pyrethrins, kaolin clay, and hydrophobic extract of neem oil was sprayed upon reaching economic threshold for cucumber beetles and/or 
squash bugs. Bt was sprayed separately or in the tank mix upon reaching threshold for squash vine borer moths. In 2016 on both acorn 
squash and muskmelon NC subplots, two early-season applications for cucumber beetle management substituted spinosad (Entrust® 
Naturalyte®; Dow AgroSciences LLC, Indianapolis, IN) for neem oil before it was decided to switch to neem oil. Some sprays in 2016 
exchanged Pyganic® and/or Trilogy® for Azera (pyrethrins and azadirachtin; MGK Company, Minneapolis, MN) or Aza-Direct 
(azadirachtin; Gowan Company, Yuma, AZ,). On June 23, buffalo gourd root powder (Cidetrak® D; Trécé Inc., Adair, OK) was added to the 
tank-mix with Surround WP and Azera, but further applications of Cidetrak were discontinued. 
w Blank cells in this column indicate that muskmelon were neither scouted nor sprayed for squash vine borer because squash vine borer 
is not a pest in muskmelon. 
v Treatment means for incidence of disease and pest injury of plants in the middle row of treatment subplots. A plant was considered to 
have insect injury if there was evidence of squash vine borer tunneling or if the injuries from cucumber beetle or squash bug feeding 
were severe enough to cause a decline in plant vigor. Within each year, means in a column followed by the same letter do not differ 
significantly (P<0.05) based on Tukey’s honestly significant difference critical values. 
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Table 4. Effect of row cover treatments on yield for organic muskmelon and acorn 
squash in Iowa in 2016-2018. 
Cropz Year Treatmenty 
Weight of harvested 
fruit 
(lb/plant)x 
Number of harvested 
fruit 
(no./plant)x 
Marketable 
Non-
marketable Marketable 
Non-
marketable 
Muskmelon 2016 NC 0.8     b 7.6   ab 0.2     b 2.4     b 
 LT 1.5     b 11.3     a 0.4     b 3.5     a 
 PMT 2.7     b 9.1   ab 0.6     b 2.5     b 
 FMT 9.2     a 6.9     b 2.0     a 1.6     b 
2017 NC 2.3     b 5.3   ab 0.5     a 1.8   ab 
 LT 3.2   ab 7.3     a 0.7     a 2.1     a 
 PMT 6.3     a 6.3     a 1.3     a 1.8   ab 
 FMT 7.0     a 2.9     b 1.3     a 1.0     b 
2018 NC 1.9     b 5.7    a 0.4     b 4.5     a 
 LT 4.0   ab 5.3    a 0.8   ab 3.1   ab 
 PMT 7.7     a 4.1    a 1.3     a 1.9     b 
 FMT 8.8     a 7.2    a 1.6     a 2.4     b 
Acorn 
squash 
2016 NC 2.1     b 3.8    a 1.1     b 3.1     a 
 LT 2.5   ab 3.0    a 1.5   ab 3.0     a 
 PMT 3.2   ab 2.9    a 1.8   ab 2.0     a 
 FMT 4.6     a 4.3    a 2.4     a 2.9     a 
2017 NC 0.7     b 1.9    a 0.5     b 1.5     a 
 LT 1.7   ab 2.9    a 1.1   ab 2.1     a 
 PMT 2.8     a 3.5    a 1.9     a 2.4     a 
 FMT 3.4     a 2.9    a 2.2     a 2.1     a 
2018 NC 0.5     b 1.0    a 0.3     b 1.0     a 
 LT 1.6     b 1.5    a 0.9     b 1.5     a 
 PMT 1.6     b 1.2    a 0.9     b 1.2     a 
 FMT 4.2     a 1.8    a 2.5     a 1.8     a 
z Experiments were conducted separately on muskmelon and acorn squash. 
y NC = non-covered, insecticides applied; LT = spunbond polypropylene row covers permanently removed at action threshold, 
insecticides applied during the uncovered period; PMT = insect netting row covers temporarily removed at action threshold, then 
reinstalled 2 weeks later, insecticide sprays applied during the uncovered period; FMT = bee hives placed inside mesotunnel within 
4 days of reaching action threshold, no uncovered periods and no insecticide sprays. The action threshold was defined in 2016 as 
the date when 50% of plants had female flowers blooming and was modified in 2017 and 2018 to begin at the first appearance of 
any blooming female flowers. Treatments were arranged in a randomized complete block design, except in 2017 when 
experimental design was a Latin square. There were four replications. 
x Fruit were harvested from the center row of each subplot and weighed and graded. Fruit were nonmarketable if the combined 
surface area of superficial damage (i.e., sunscald, insect or rodent feeding injury) exceeded 5% of the fruit surface area, if any 
degree of damage extended into the fruit flesh (i.e., cracking, insect or rodent feeding injury), or if soft spots were present.  
Muskmelon weighing less than 3 pounds and acorn squash weighing less than 1 pound were considered nonmarketable. 
 Within each year, means in a column followed by the same letter do not differ significantly (P<.05) based on Tukey’s honestly 
significant difference critical values. 
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Figures 
Fig. 1. Effects of Agribon™ row cover (low tunnel) and ProtekNet row cover (part-season 
mesotunnel) on daily average maximum temperature during 2018 in muskmelon in Ames, IA.  
 
 
 
 
Fig. 2. Effects of ProtekNet row cover (full-season mesotunnel) on daily average temperature 
during 2016 in muskmelon in Ames, IA. 
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Fig. 3. Effects of Agribon™ row cover (low tunnel) and ProtekNet row cover (part-season 
mesotunnel) on daily average relative humidity during 2018 in muskmelon in Ames, IA.  
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Abstract 
 Mesotunnels are used to protect muskmelon (Cucumis melo subsp. melo var. 
cantalupensis) and acorn squash (Cucurbita pepo var. turbinata) from disease and insect pests 
in organic production systems. In an Iowa field experiment, higher marketable yield along with 
lower disease and pest-insect injury and insecticide applications occurred in mesotunnels 
compared to prevailing management strategies.  However, weed management is challenging in 
mesotunnel systems. The goal of the present study was to assess the ability of between-row 
mulching strategies in mesotunnels to provide full-season weed control and enhance soil 
carbon without reducing marketable yield. In a 3-year (2016-2018) field experiment on organic 
muskmelon and acorn squash in Iowa, a 6-inch-deep mulch (CRM) consisting of chopped 
organic corn stover provided more effective weed suppression than a bare ground control (BG) 
in 2 of 3 years. In 2018 on both crops, CRM also provided more effective weed control than a 
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living mulch (LM), which consisted of a mixture of annual ryegrass (Lolium multiflorum) and red 
clover (Trifolium pratense). LM never provided better weed control than CRM; in 2016, 
however, LM provided better weed control than BG in muskmelon, and in 2017 it provided 
better weed control than BG in acorn squash. CRM increased soil reactive carbon compared to 
LM in 2016 in muskmelon. The same year, CRM increased soil reactive carbon compared to BG 
in acorn squash. The number of marketable muskmelon in CRM was greater than BG in 2016, 
and both the number and weight of marketable muskmelon in CRM were greater than LM in 
2017. The number of marketable acorn squash in LM was greater than in BG in 2017. 
Establishing ryegrass and red clover as a living mulch presented challenges in the absence of 
overhead irrigation and under high weed pressure. The ability of corn stover to provide 
superior weed control and enhance soil carbon without reducing yield makes it compatible with 
mesotunnel systems for organic production of muskmelon and acorn squash in the Midwest 
U.S. 
Introduction 
Mesotunnels are protected-agriculture structures that can increase muskmelon 
(Cucumis melo subsp. melo var. cantalupensis) and acorn squash (Cucurbita pepo var. turbinata) 
yields, reduce disease and insect injury, and reduce insecticide applications compared to 
prevailing organic disease and insect pest management strategies (Nelson and Gleason, 2017, 
2018). Mesotunnels consist of nylon mesh row covers suspended over three rows of plants on 
3.5-ft-tall conduit hoops. The fabric protects plants the entire season without overheating 
them, and the mesh size is small enough to exclude cucumber beetles, squash bugs, squash 
vine borers, and the diseases they vector (Brust, 1997; Bruton et al., 2003; Middleton, 2018; 
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Mitchell, 2000). The nylon mesh row covers are deployed immediately after transplanting 
cucurbit seedlings, and the edges are held down with rock- or sand-filled bags to restrict pest 
entry.  A significant advantage of mesotunnels compared to low tunnels is that they can be 
deployed for the entire growing season; pollination is achieved by placing bumble bee boxes 
inside the mesotunnels when female flowers appear (Nelson and Gleason, 2017, 2018).  
For mesotunnels to be a viable option for organic cucurbit producers, effective weed 
management during the row-covered period is crucial. By spanning three plant rows, 
mesotunnels obstruct access to strips of soil that require weed management during the 
covered period. Black plastic mulch provides effective within-row weed control inside 
mesotunnels during the covered period, but alternative options are needed to control weeds in 
the alleys between plastic mulch (Tillman et al., 2015). The use of most other USDA-approved 
organic weed management strategies, such as mowing, livestock grazing, mechanical 
cultivation, or flaming (National Organic Program, 2018) are not feasible under mesotunnels. 
Although hand weeding could be practiced if covers were removed temporarily during the 
growing season, this added chore may be too costly and labor-intensive to be practical at 
commercial production scales (McErlich and Boydston, 2013). 
Biodegradable mulches are a USDA-approved organic weed management strategy that 
could realistically be integrated with mesotunnels and provide multiple benefits (National 
Organic Program, 2018). For example, living mulches or crop residues provide organic carbon 
that can cover the soil surface and suppress weeds (Kader et al., 2017). Living mulches are 
cover crops that are maintained as living ground cover during a crop’s growing season (Hartwig 
and Ammon, 2002). Although living mulches sometimes reduce yields of main crops such as 
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broccoli and strawberries through competition for moisture and nutrients, some organic 
growers are willing to accept minor yield losses in exchange for the benefits they provide 
(Hartwig and Ammon, 2002; Neuweiler et al., 2003; Warren et al., 2015). These benefits include 
weed suppression through competition and allelopathy, improvement of soil structure and 
organic matter content, and reduction in water runoff and soil erosion (Hatcher and Melander, 
2003; Clark, 2007). Residue from cereal crops (e.g., wheat, maize, soybean) is commonly used 
as mulch worldwide and can reduce soil erosion and nitrogen leaching while conserving soil 
moisture (Mannering and Meyer, 1961; Neuweiler et al., 2003; Clark, 2007; Kader et al., 2017). 
The type of residue used in a given location can depend on cost and availability (Kader et al., 
2017).  
Integrating biodegradable mulches with plastic mulch could provide effective full-season 
weed control in cucurbit crops and be compatible with mesotunnel systems. The objective of 
our research trials was to compare alternative biodegradable mulching strategies with regard to 
crop yield, carbon contribution to soil, and weed control in mesotunnel systems for organic 
production of acorn squash and muskmelon. 
 
Materials and Methods 
Trials were conducted in 2016, 2017, and 2018 at the Iowa State University Horticulture 
Research Station near Gilbert, IA (lat. 42°6’23.748”N, long. 93°35’23.372”W) on certified 
organic land. The land was in transition to organic certification during the three years prior to 
2016, which was year 1 of the experiment. In 2017, plots were rotated away from year-1 land, 
and the 2018 plots returned to the 2016 location. For several years prior to 2015 the land used 
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in this experiment was mixed pasture.  Prior to years 1 and 2, plots in the present experiment 
were planted to an alfalfa (Medicago sativa) cover crop, and prior to year 3, plots were planted 
in a mixture of cowpea (Vigna unguiculata), sunn hemp (Crotalaria juncea), and a sorghum-
sudangrass hybrid (Sorghum bicolor x S. bicolor var. Sudanese). 
Following rough tillage of fields in early spring (Table 1), composted organic cow and 
horse manure (Iowa State University Compost Facility, Ames, IA) was broadcast and 
incorporated into the soil based on pre-plant soil and compost assays of nitrogen, phosphorus, 
and potassium. Organic bagged fertilizer was applied in plant rows to fulfill remaining N-P-K 
needs. In 2016, composition of bagged fertilizer was 2-3-3 (Midwestern BioAg, Madison, WI), 
and in 2017 and 2018 fertilizer composition was 4-6-4 (Suståne Natural Fertilizer, Inc., Cannon 
Falls, MN). Within 24 hours after applying bagged fertilizer, rows of black plastic mulch (BEM44, 
Nolt’s Midwest Produce Supplies, Charles City, IA) were laid on 6-ft centers. A single 5/8-inch-
diameter drip tape with 8-inch emitter spacing (flow rate 0.13 gph at 8 psi; The Toro Company, 
Bloomington, MN) was simultaneously laid beneath plastic mulch for irrigation. 
Non-treated ‘Athena’ muskmelon and ‘Table Ace’ acorn squash seeds (Seedway LLC., 
Hall, NY) were sowed into 48-cell trays with organic potting mix (Mix no. 12; Beautiful Land 
Products, West Branch, IA) approximately 3 weeks prior to transplanting. Approximately two 
weeks after seeding, seedlings were hardened off under mesh insect netting (ProtekNet, 60 g; 
DuBois AgrInovation, Saint-Remi, Quebec, Canada) in a shade house. Three-week-old seedlings 
were hand-transplanted into plastic mulch with 2-ft in-row spacing in 2017 and 2018, and in 
2016 seedlings were transplanted using a water wheel transplanter (Rain-Flow 1600 series II; 
East Earl, PA). 
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Subplots were arranged in a randomized complete block (2016 and 2018) or incomplete 
Latin rectangle design (2017) with four replicates of each treatment. Two mulch treatments—
crop-residue mulch (CRM) and living mulch (LM) - were compared against a bare ground (BG) 
control. The crop-residue mulch consisted of organic chopped corn residue, and the living 
mulch consisted of annual ryegrass (Lolium multiflorum) mixed with red clover (Trifolium 
pratense). Mulch treatments were randomly assigned to subplots in each block, and each 
subplot consisted of three 30-ft-long rows of black plastic mulch.  
Mulch treatments were applied to the soil alleys between rows of black plastic mulch on 
or before the date of transplanting. In CRM subplots, corn stover was applied to a 6-inch depth 
within one week after laying plastic mulch. LM subplots were cultivated prior to broadcasting 
ryegrass and red clover seed. Ryegrass and red clover were seeded at rates of 48 and 12 pounds 
per acre, respectively, two weeks prior to transplanting, except in 2016 when they were seeded 
on the same date of transplanting.  Soil in LM subplots was raked lightly to cover the seed. In 
2017 and 2018, alleys were sprinkler irrigated after seeding to ensure germination. 
Mesotunnels were established in each subplot immediately after transplanting. Conduit 
hoops were centered over plant rows at 6-ft spacing, and ends were buried 6 to 8 inches deep 
in the soil. Hoops were created by bending 10-ft lengths of 1-inch diameter galvanized metal 
conduit pipe with a QuickHoops™ 4 ft x 4 ft Low Tunnel Bender (Johnny’s Selected Seeds, 
Fairfield, ME). Nylon mesh (ProtekNet) row covers (26 ft x 40 ft) were draped over conduit 
hoops, and edges were secured to the soil surface using rock-filled bags. Rock bags were 
prepared by filling 36-inch lengths of hold-down netting (Berry Hill Irrigation, Inc., Buffalo 
Junction, VA) with river rock and knotting both ends. To ensure pollination, row covers were 
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temporarily removed from a treatment when at least half of the subplots in the treatment had 
produced female flowers.  Row covers were replaced two weeks later. 
Weed and insect pests were managed in all treatments during the noncovered period. 
LM and CRM treatments were hand-weeded, and hoes were used in BG subplots. Insecticides 
were applied based on pest monitoring data, which was collected weekly during the 
noncovered period. Striped cucumber beetles, spotted cucumber beetles, and squash bugs 
were counted in arbitrarily located 0.5- x 0.5-meter sampling quadrats in the center row of each 
subplot and averaged for each treatment. The spray threshold was one cucumber beetle and/or 
one squash bug (egg mass, nymph, or adult) per sampling quadrat (Brust and Foster, 1999; 
Doughty et al., 2016). If threshold was met for either or both pests in a treatment, a tank mix of 
kaolin clay (Surround™; Tessenderlo Kerley, Inc., Phoenix, AZ), pyrethrins (Pyganic® Crop 
Protection EC 5.0 ii; MGK Company, Minneapolis, MN), and neem oil (Trilogy® 70EC; Certis USA, 
L.L.C., Columbia, MD) was sprayed. Squash vine borer moths were scouted weekly during the 
noncovered period using a single pheromone trap (Great Lakes IPM, Inc., Vestaburg, MI) placed 
at plant height within 300 feet of the edge of the squash field. The spray threshold for squash 
vine borer was one moth per trap (Middleton, 2018). If threshold was reached, Bacillus 
thuringiensis (DiPel PRO DF; Valent BioSciences Corporation, Libertyville, IL) was either sprayed 
on the stems of squash plants or foliar-applied with tank-mixed pesticides for cucumber beetles 
and squash bugs. 
Plants were scouted weekly throughout the growing season for diseases, including 
anthracnose (caused by Colletotrichum orbiculare), powdery mildew (Podosphaera xanthii or 
Erysiphe cichoracearum), angular leaf spot (Pseudomonas syringae pv. lachrymans), and downy 
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mildew (Pseudoperonospora cubensis). Initial fungicide spray decisions were based on disease 
diagnoses made by the Iowa State University Plant & Insect Diagnostic Clinic (Ames, IA) from 
samples of symptomatic crop leaves. Copper hydroxide (Champ® WG; Nufarm Americas Inc., 
Burr Ridge, IL) was applied to uncovered subplots or sprayed directly through the ProtekNet 
row covers as new lesions appeared based on weekly disease scouting data. 
Data collection 
Yield. All muskmelon and squash were harvested from the center row of each subplot 
and graded as marketable or nonmarketable, then counted and weighed (Table 2). Fruit were 
nonmarketable if the combined surface area of superficial damage (i.e., sunscald, insect or 
rodent feeding injury) exceeded 5% of the fruit surface area, if any degree of damage extended 
into the fruit flesh (i.e., cracking, insect or rodent feeding injury), or if soft spots were present 
(Agricultural Marketing Service, 2006). Muskmelon weighing under 3 pounds and acorn squash 
weighing under 1 pound were considered nonmarketable. 
Weed pressure. After the final harvest, grass and broadleaf weeds were counted and 
collected from one randomly selected 2- x 3-ft area within each alley of a subplot. In LM 
subplots, annual rye and red clover were distinguished from weeds and excluded from the 
sampling. Weeds were cut at the soil line if they could not be easily pulled with roots intact, and 
soil was gently removed from intact roots. Samples were dried for 24 hours at 140° F (2016 and 
2017) or air dried in paper bags in a greenhouse for several days at approximately 80° F (2018), 
then weighed (Table 3). 
Permanganate oxidizable carbon. Permanganate oxidizable carbon (POXC) is a good 
indicator of biologically active soil carbon and is used to compare the abilities of soil 
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management practices to promote sequestration of soil carbon (Culman et al., 2012). Soil 
samples were collected after harvesting to determine POXC levels in all subplots. A composite 
soil sample of four 6-inch-deep soil cores collected from both alleys in a subplot was submitted 
to the Iowa State University Soil and Plant Analysis Laboratory (2016 & 2017; Ames, IA) or the 
Cornell Soil Health Lab (2018; Ithaca, NY). 
Statistical analysis 
Data were subjected to analysis of variance (ANOVA) using RStudio (version 1.1.383; 
RStudio, Inc., Boston, MA). Significant effects (P<0.05) were investigated by separation of 
means with Tukey’s honestly significant difference multiple comparisons adjustment. 
 
Results 
Yield 
2016. CRM yielded 2.6 marketable muskmelons per plant—significantly more than the 
BG treatment (1.6/plant). There were no treatment effects in acorn squash (Table 2).  
2017. CRM yielded 4.5 pounds of marketable muskmelon per plant and 0.9 melons per 
plant—significantly more than LM, which yielded 1.9 lb/plant and 0.4 muskmelon per plant. In 
acorn squash, LM yielded 1.3 squash per plant—significantly higher than for BG (0.9 squash per 
plant).  
2018. There were no treatment effects for number of marketable muskmelon or squash. 
However, the weight of nonmarketable muskmelon in LM (3.6 lb/plant) was significantly lower 
than the weight of nonmarketable muskmelon in BG (5.8 lb/plant). 
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Weed pressure  
2016. In muskmelon, the number of weeds per square meter in CRM (1.3 weeds/m2) 
was significantly lower than BG (56.5 weeds/m2) (Table 3). In both CRM and LM, the dry weight 
of weeds was significantly lower than for BG; CRM and LM had 35.7 and 26.7 g/m2, 
respectively, and BG had 175.5 g/m2. In acorn squash, there were no significant treatment 
differences for weed pressure.  
2017. There were no treatment effects for weed pressure in muskmelon. In acorn 
squash, both CRM and LM had fewer weeds than BG; CRM and LM had 15.0 and 26.2 
weeds/m2, respectively, and BG had 48.7 weeds/m2. In acorn squash, dry weight of weeds in 
CRM was significantly lower than for BG: 176.7 g/m2 and 397.8 g/m2, respectively. 
2018. In each crop, LM had significantly more weeds per square meter and a higher dry 
weight of weeds than either BG or CRM. In muskmelon, LM had 334.8 weeds/m2 compared to 
47.5 and 1.1 weeds/m2 in BG and CRM, respectively, and weed biomass in LM was 852.3 g/m2 
compared to 148.4 g/m2 in BG and 26.9 g/m2 in CRM. In acorn squash, LM had 721.0 weeds/m2, 
and BG and CRM had 64.4 and 1.8 weeds/m2, respectively. The dry weight of weeds in acorn 
squash was 1219.9 g/m2 in LM, 66.1 g/m2 in BG, and 1.7 g/m2 in CRM.  
Permanganate oxidizable carbon 
In 2016 in muskmelon, soil in LM had 653.3 mg/kg of POXC—significantly less than CRM 
(808.3 mg/kg) (Table 3). The same year in squash, soils in BG had 766.8 mg/kg of POXC, which 
was significantly less than in CRM (864.0 mg/kg.) In 2017 and 2018, there was no treatment 
effect for POXC in either crop. 
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Discussion 
Based on our findings, the choice of using a crop residue mulch (CRM) or a living mulch 
(LM) in mesotunnel-based organic cucurbit production in the Upper Midwest U.S. may depend 
on a grower’s individual circumstances. Establishing a living mulch was challenging in our trials. 
In 2016, for example, living mulch did not establish and had to be reseeded and irrigated during 
the 2-week uncovered period in both muskmelon and acorn squash.  Although the rye and red 
clover germinated on the second attempt, the time between re-seeding and harvest was too 
short for much growth to occur. Establishing a living mulch poses challenges when dry periods 
slow emergence of the seedlings, allowing them to be overtaken by weeds. If unchecked, 
weeds may set seed and add to the weed seed bank in the soil, potentially intensifying weed 
competition in subsequent years (Kaspar et al., 2008; Liebman and Davis, 2009). In 2017 and 
2018, irrigating the living mulch stimulated germination; however, the live mulch was again 
overcome by weeds during an exceptionally rainy growing season (2018). Weed pressure was 
high in our plots—presumably a result of the site being planted to alfalfa pasture in previous 
years and effectively becoming a mix of weed species and alfalfa (Curran and Lingenfelter, 
2001).  LM may perform better on land with a smaller weed-seed bank (Silva et al., 2018). 
Contrary to our experience, researchers in Kentucky, using the same experimental design as 
ours, experienced success establishing the same living mulch seed mix on well-managed 
organically certified land (M. Williams, University of Kentucky, personal communication). 
CRM provided the most effective weed control, outperforming BG in two years and LM 
in one year for both crops. LM failed to improve weed control compared to BG in two of three 
years on both crops. Interestingly, weed control in LM surpassed that of BG in both crops in 
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2016 despite poor germination of the living mulch. This outcome could possibly be due to 
allelopathic suppression of weed seed germination, which has been documented in red clover 
(a component of our living mulch treatment) (Ohno et al., 2000). 
Reduction in crop yield is a common experience when using living mulches, but our 
results showed that marketable yield differed only infrequently between LM and CRM 
(Neuweiler et al., 2003). Yield in LM was never higher than in CRM for either crop; however, 
yield in LM was lower than CRM in only one year on muskmelon.  
Although crop yield can be negatively affected by living mulch, growers are sometimes 
willing to accept some yield loss in exchange for effective weed control and soil health benefits 
(Warren et al., 2015). However, our results did not reveal clear benefits to using living mulch in 
muskmelon and squash (Neuweiler et al., 2003; Warren et al., 2015). In addition to providing 
poor weed control, LM never increased soil POXC compared to BG or CRM in either crop.  
 Crop-residue mulch in mesotunnel systems offered some advantages for weed 
management and soil health. In 2016, CRM resulted in higher soil POXC than LM in muskmelon 
and higher soil POXC than BG in squash. Despite these benefits, CRM may be cost-effective only 
for growers who have a sufficient supply of suitable mulch material on hand and enough labor 
and equipment to transport and deploy the material efficiently (Rakow, 1998).  
 
Conclusion 
Based on our results, the decision to use live mulch versus crop-residue mulch may be 
dependent on several factors such as cost, availability, weather, and pre-existing weed 
pressure. Crop-residue mulch consistently outperformed or performed as well as the live mulch 
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in both crops, but it may be challenging for organic growers to find organically grown crop 
residue for affordable prices. While it is promising that the living mulch did not experience 
major yield losses, the challenges of growing it in some conditions and the lack of other clear 
benefits over CRM could turn growers away from this option. 
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Tables 
 
Table 1. Dates for accomplishment of tasks associated with field experiments conducted at the Iowa State 
University Horticulture Research Station, Ames, Iowa, during 2016-2018 to evaluate mulch treatments in 
muskmelon (cv. Athena) and acorn squash (cv. Table Ace)z 
Operation 2016 2017 2018 
Soil sampling 15 Mar 31 Mar 29 Mar 
Rough till y 3 May 11 Apr  
Compost & till x 16 May 9 May 26 Apr 
Muskmelon & squash seeds sown 10 May 11 May 3 May 
Mulch treatments applied w    
CRM – corn stover laid (muskmelon) 19-24 May 25 May 18 May 
CRM – corn stover laid (squash) 24-26 May 25 May 15 May 
LM – seed broadcast (both crops) 2 & 24 Jun v 12 May 8 May 
Seedlings transplanted 2 Jun 30 May 22 May 
Row cover removal 22-23 Jun 22 Jun 12 Jun 
Row cover reapplication 7-8 Jul 5-7 Jul 28 Jun 
Weed sampling started    
Muskmelon 5 Aug 17 Aug 27 July 
Squash 11 Aug 8 Sept 9 Aug 
Reactive carbon sampled 13 Oct 30 Aug 20 Sept 
z Plots in the present experiment were planted to an alfalfa (Medicago sativa) cover crop prior to years 1 and 2, 
and prior to year 3, fields were planted in a mixture of cowpea (Vigna unguiculata), sunn hemp (Crotalaria 
juncea), and a sorghum-sudangrass hybrid (Sorghum bicolor x S. bicolor var. Sudanese). 
y The date of rough tillage was not recorded in 2018. 
x In 2016, compost was applied at a rate of 10 tons per acre. In 2017, compost was applied to obtain maximal 
nitrogen from compost at rates of 5 and 9 tons per acre for melons and squash respectively. In 2018, compost 
was applied to obtain 50% nitrogen from compost. 
w CRM = crop-residue mulch, organic chopped corn stover applied to 6-inch depth; LM = live mulch, organic 
annual ryegrass and red clover broadcast at 48 and 12 pounds per acre respectively; BG = bare ground. 
ProtekNet row cover was applied to all subplots at transplant, removed at the start of female flowering for 
pollination, and replaced after 2 weeks. Subplots were weeded during the noncovered period. 
v The live mulch seed did not establish in 2016 and was re-seeded during the period of row cover removal. 
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Table 2. Effect of mulch treatments on yield for organic muskmelon (cv. Athena) and acorn squash (cv. Table 
Ace) in Iowa in 2016-2018. 
Crop z Year 
Mulch 
treatment y 
Weight of harvested fruit 
(lb per plant) x 
Number of  
 harvested fruit 
per plant x 
Marketable 
Non-
marketable Marketable 
Non-
marketable 
Muskmelon 2016 BG 7.3    a 5.9    a 1.6    b 1.5    a 
CRM 11.3    a 5.5    a 2.6    a 1.6    a 
LM 8.9    a   7.6    a 1.9  ab 1.8    a 
2017 BG 3.5  ab 12.9    a 0.8  ab 3.4    a 
CRM 4.5    a 9.7    a 0.9    a 2.5    a 
LM 1.9    b 7.6    a 0.4    b 2.0    a 
2018 BG 5.7    a 5.8    a 1.0    a 1.3    a 
CRM 4.0    a 4.8  ab 0.7    a 1.3    a 
LM 2.8    a 3.6    b 0.5    a 1.1    a 
Acorn squash 2016 BG 2.4    a 2.6    a 1.2    a 2.1    a 
CRM 4.8    a 3.9    a 2.3    a 3.1    a 
LM 2.9    a 3.3    a 1.6    a 2.5    a 
2017 BG 1.4    a 2.8    a 0.9    b 2.1    a 
CRM 1.8    a 1.9    a 1.2  ab 1.7    a 
LM 2.2    a 1.8    a 1.3    a 1.4    a 
2018 BG 2.7    a 1.5    a 1.5    a 1.5    a 
CRM 2.9    a 1.5    a 1.6    a 1.4    a 
LM 2.2    a 1.1    a 1.3    a 1.0    a 
z Experiments were conducted separately on muskmelon and acorn squash. 
y CRM = crop-residue mulch, organic chopped corn stover applied to 6-inch depth; LM = live mulch, organic 
annual ryegrass and red clover broadcast at 48 and 12 pounds per acre respectively; BG = bare ground. 
ProtekNet row cover was applied to all subplots at transplant, removed at the start of female flowering for 
pollination, and replaced after 2 weeks. Subplots were weeded during the noncovered period. Treatments were 
arranged in a randomized complete block design, except in 2017 when experimental design was an incomplete 
Latin rectangle. There were four replications in all years. 
x Fruit were harvested from the center row of each subplot and weighed and graded. Fruit were nonmarketable 
if the combined surface area of superficial damage (i.e., sunscald, insect or rodent feeding injury) exceeded 5% 
of the fruit surface area, if any degree of damage extended into the fruit flesh (i.e., cracking, insect or rodent 
feeding injury), or if soft spots were present. Muskmelon weighing less than 3 pounds and squash weighting less 
than 1 pound were graded as nonmarketable. Within each year, means in a column followed by the same letter 
do not differ significantly (P<.05) based on Tukey’s honestly significant difference critical values.  
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Table 3. Effect of mulch treatments on weed pressure and soil permanganate oxidizable carbon after final 
harvest of organic muskmelon (cv. Athena) and acorn squash (cv. Table Ace) in a field trial in Iowa in 
2016-2018. 
Crop z Year Treatment y 
Broadleaf & grass weeds x Permanganate 
oxidizable carbon 
(mg/kg) w 
Number 
(no./m2) 
Dry weight 
(g/m2) 
Muskmelon 2016 BG 56.5     a 175.5    a 703.8   ab 
 CRM 1.3     b 35.7    b 808.3     a 
 LM 15.9   ab 26.5    b 653.3     b 
2017 BG 32.7     a 300.3     a 316.8     a 
 CRM 15.2     a 292.8     a 385.2     a 
 LM 40.8     a 264.6     a 365.4     a 
2018 BG 47.5     b 148.4     b 606.9     a 
 CRM 1.1     b 26.9     b 641.0     a 
 LM 334.8     a 852.3     a 580.1     a 
Acorn squash 2016 BG 0.0     a 0.0     a 766.8     b 
 CRM 0.2     a 2.8     a 864.0     a 
 LM 2.2     a 0.6     a 783.0   ab 
2017 BG 48.7     a 397.8     a 426.6     a 
 CRM 15.0     b 176.7     b 439.2     a 
 LM 26.2     b 251.6   ab 442.8     a 
2018 BG 64.4     b 66.1     b 477.8     a 
 CRM 1.8     b 1.7     b 537.8     a 
 LM 721.0     a 1219.9     a 466.0     a 
z Experiments were conducted separately on muskmelon and acorn squash. 
y CRM = crop-residue mulch, organic chopped corn stover applied to 6-inch depth; LM = live mulch, 
organic annual ryegrass and red clover broadcast at 48 and 12 pounds per acre respectively; BG = bare 
ground. ProtekNet row cover was applied to all subplots at transplant, removed at the start of female 
flowering for pollination, and replaced after 2 weeks. Subplots were weeded during the noncovered 
period. Treatments were arranged in a randomized complete block design, except in 2017 when 
experimental design was an incomplete Latin rectangle. There were four replications in all years. 
x Grass and broadleaf weeds were counted and collected from one randomly selected 2-ft by 3-ft area 
within each alley of a subplot after the final harvest. Weeds were cut at the soil line if they could not be 
easily pulled with roots intact, and soil was gently removed from intact roots. Samples were dried in 
brown paper bags and weighed. In LM subplots, annual rye and red clover were excluded from the 
sampling. Within each year, means in a column followed by the same letter do not differ significantly 
(P<.05) based on Tukey’s honestly significant difference critical values. 
w Composite soil samples of four 6-inch-deep soil cores collected from each alley in a subplot after final 
harvest were tested to determine soil reactive carbon levels (milligrams of permanganate oxidizable 
carbon per kilogram of soil). Within each year, means in a column followed by the same letter do not 
differ significantly (P<0.05) based on Tukey’s honestly significant difference critical values. 
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CHAPTER 4. SOLVING A DISEASE MANAGEMENT PUZZLE IN ORGANIC 
MUSKMELON 
 
Manuscript accepted for publication in The Plant Health Instructor 
 
Hayley M. Nelson and Mark L. Gleason 
Learning Outcomes 
1. Strengthen understanding of the disease triangle concept  
2. Understand how disease management differs for organic and conventional growers 
 
Objectives 
1. Understand how cucumber beetles spread cucurbit bacterial wilt 
2. Develop a realistic disease management plan for an organic vegetable crop 
 
Cast of Characters 
• Quinn Appleseth: Commercial fruit and vegetable grower 
• Graciela Hernández: Plant disease diagnostician 
 
The Case 
Quinn Appleseth has been growing fruits and vegetables on 3 acres of his family’s farm in 
western Iowa for 25 years. His land has always been in “conventional” production, meaning 
that synthetic (man-made) pesticides and fertilizers were used to grow his crops. In contrast, 
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organic production requires a broad set of practices that are intended to build soil quality, 
increase plant health and reduce environmental harm. Organic farming uses primarily naturally 
derived pesticides and fertilizers alongside growing practices that reduce pests and disease, 
build soil, protect water quality, and enhance biodiversity.  
Several factors prompted Quinn to initiate the process of certifying his land for organic 
production last year. In recent years, more and more residents of Quinn’s growing rural 
community have expressed interest in buying organic produce. Furthermore, Sullivan Sisters, a 
regional chain of natural food stores dedicated to providing organic foods, opened a store this 
year in a large city just 1.5 hours from Quinn’s community. He was confident he could market 
organic produce locally and to Sullivan Sisters. Quinn also saw the switch to organic as an 
opportunity to adopt growing practices that would better preserve his land and provide an 
opportunity to include his son, Andrew, in the farm’s management. As an agronomy student at 
Iowa State University, Andrew was well informed about current best practices and resources 
available to growers. He had been urging his father to try new growing practices such as 
diversifying the farm’s habitat to increase populations of beneficial insects and incorporating 
cover crops in his crop rotation sequence to enhance soil fertility. Quinn thought going organic 
would be a great way to meet local demand while also adopting growing practices that would 
spark Andrew’s interest in the business. He knew there would be plenty of education and hard 
work up front to implement organic growing practices, but he expected the higher prices he 
could gain from selling organic produce would make his efforts worthwhile.  
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This year was Quinn’s first attempt at growing produce using organic methods on the 
land he was trying to certify. Because he had experienced great success in growing muskmelon 
(also known as cantaloupe) conventionally in previous years, Quinn looked forward to growing 
it organically this year. He ordered organic-approved pesticides to prepare for his usual melon 
pests - the fungal disease anthracnose, along with two species of cucumber beetles (striped and 
spotted) and the bacterial wilt pathogen (Erwinia tracheiphila).  Unfortunately, his crop really 
struggled. Shortly after transplanting seedlings into the field in late May, Quinn noticed very 
high numbers of cucumber beetles causing feeding injury to his seedlings. Despite spraying 
organic-approved insecticides weekly to combat them, the beetles persisted. After a month, 
several young seedlings were killed from beetle feeding damage (Figure 1), and about 60% of 
the remaining plants began to wilt and 
collapse. Quinn was very unhappy with 
the results. He had never seen such 
severe damage in his conventional 
muskmelon fields. Quinn immediately 
sent fresh plant samples and photos of 
the damage to the Iowa State University 
Plant and Insect Diagnostic Clinic to 
diagnose the cause of wilting. From Quinn’s high quality samples, Graciela Hernández—a 
diagnostician at the clinic—was able to detect the presence of Erwinia tracheiphila, the causal 
agent of cucurbit bacterial wilt. She called Quinn to explain her findings. 
 
Figure 1. Striped cucumber beetles 
defoliating a young muskmelon seedling. 
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Quinn: “Hi, Graciela. Thank you so much for figuring out the problem with my muskmelons. 
What can I do to save my plants?” 
  
Graciela: “Hi, Quinn. I’m so sorry. Unfortunately, once a muskmelon plant is infected with 
Erwinia tracheiphila it can’t be saved. It’s a death sentence.” 
 
Quinn: “So how do I prevent my plants from becoming infected in the first place?” 
 
Graciela: “Well, it’s really difficult to do with organic management. You have to keep cucumber 
beetles from feeding on your crop because they spread the bacterium that causes bacterial 
wilt.” 
 
Quinn: “So in addition to causing feeding damage to my seedlings, the cucumber beetles also 
spread bacterial disease?” 
 
Graciela: “That’s right, Quinn. The bacterial pathogen survives inside cucumber beetles and 
cucurbit plants. To manage the disease you have to manage one of those two things. 
Unfortunately, there are no bacterial-wilt-resistant muskmelon cultivars, so the beetles have to 
be managed. As you’ve learned the hard way, organic-approved insecticides often don’t 
provide enough protection against cucumber beetles, so you’ll need to include some other 
strategies in your pest management toolbox. As you probably know, some seasons are worse 
than others for cucumber beetles, and the risk of damage by cucumber beetles and bacterial 
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wilt is very unpredictable. Some years you may have lots of beetles but no bacterial wilt, other 
years you might have no beetles and no wilt, but then you get some years with large numbers 
of beetles and a high risk of bacterial wilt. Let me send you some basic information about 
bacterial wilt and a description of recommended organic management strategies. You might be 
interested in giving some of these a try.” 
 
Quinn: “Thanks, Graciela. I’ve got to figure this out. I can’t afford another failure like this!” 
 
From reading the information provided by Graciela, Quinn learned that bacterial wilt 
affects plants in the cucurbit family including muskmelon, summer and winter squash, 
pumpkin, and cucumber, but watermelon is highly resistant.  Plants wilt after the bacterium 
enters the xylem, and the only way the bacterium can enter the xylem is through feeding 
wounds created by striped and spotted cucumber beetles. The beetles ingest the bacterial 
pathogen when they feed on infected plants, and then they survive the winter in the soil as 
adults. When temperatures warm up in the spring, the hungry beetles emerge from the soil and 
search for cucurbit plants to feed on, often causing significant damage with their chewing 
mouthparts. Some of the beetles may carry E. tracheiphila in their digestive tracts; as they feed 
on plants, they produce droppings (frass) that contain the bacterial pathogen, which can enter 
the plant’s xylem through feeding wounds created by the beetles, then spread throughout the 
plant. In the one or two weeks between initial infection of the plant and its death, any 
cucumber beetles feeding on the infected plant may become new carriers of E. tracheiphila. In 
this way, the bacterium can spread rapidly from plant to plant.  
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In the two weeks he spent waiting for results from the Clinic, most of Quinn’s wilted 
plants died and several more plants were showing the same wilting symptoms (Figure 2). He 
was really upset to lose his crop. Transitioning to organic was not cheap. He had taken out a 
loan to pay for the transition process. Because Quinn had managed his land conventionally 
prior to this year, he had 
to undergo a 3-year 
transition process 
wherein his land would 
be managed organically 
but his produce could 
not be marketed as certified organic. This meant that he would not be able to earn the price 
premiums associated with organic produce in his first three years despite investing more time 
and money on certification, labor for weeding, and organic inputs such as fertilizer, seed, and 
pesticides. With already tight profit margins, another crop failure could force him to default on 
his bank loan.  
 
Discussion Questions 
1. For what possible reason(s) might a grower need to take out a loan to convert from 
conventional to organic management? 
2. Row covers and black plastic mulch are examples of synthetic, man-made inputs that 
are allowed in organic agriculture. Why do you think these inputs are allowed, but other 
synthetic inputs are not? 
Figure 2. Healthy muskmelon leaves (left) compared with 
wilted leaves infected with Erwinia tracheiphila (right). 
 71
3. If you were to construct a bacterial wilt disease triangle, what would be the pathogen, 
host, and environment? Would you modify the disease triangle in any way to make it 
better reflect this particular pathosystem? 
4. What are three aspects of cucumber beetles that make them so damaging as a vector 
(agent of spread) for E. tracheiphila?  
 
Disease Management 
Quinn knew he could get a really good price for organic muskmelons from Sullivan Sisters if only 
he could figure out how to grow organic melons without such disastrous results. He eagerly 
scanned the information that Graciela provided him about management strategies. 
 
Rotation 
Rotation is a practice in which a crop that is susceptible to damage from an insect or 
pathogen is not replanted in the same field for a certain amount of time after a cropping season 
ends. This practice cuts the risk of pest outbreaks by limiting the pest’s access to resources that 
are essential to its survival (e.g. food and shelter). Rotating fields out of cucurbit crops for a 
minimum of two years is an indispensable practice for cucurbit growers trying to manage 
cucumber beetles and bacterial wilt. This rotation encourages most of the beetles that 
overwinter at the end of a cucurbit growing season to migrate elsewhere at the start of the 
second season to find cucurbits. Even fewer beetles survive after two consecutive years of 
planting non-cucurbit crops, which means fewer beetles will be around at the start of the next 
cucurbit growing season. One drawback of rotation is that it is not 100% effective. Rotation 
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does not eliminate cucumber beetles, but will make management easier by reducing their 
population size in a field. During rotation years, Quinn can grow non-cucurbit crops for profit. 
 
Perimeter trap cropping. 
Perimeter trap cropping (PTC) (Figure 3) takes advantage of the fact that cucumber 
beetles prefer some types of cucurbit crops more than others and will feed mainly on the 
preferred crops. In this strategy, a main cash crop—muskmelon, in Quinn’s case—could be 
bordered by two rows of Buttercup 
squash, which is a more attractive 
crop to cucumber beetles. The PTC 
idea is that cucumber beetles 
entering the field will encounter the 
more attractive perimeter crop on 
the field border and then stay there, 
where they can be sprayed with organic-approved insecticides to (hopefully) kill them. 
Drawbacks of PTC are that two crops – squash as well as muskmelon - must be managed in the 
same field instead of just one, and that the organic pesticides may not be effective enough to 
prevent the cucumber beetles from migrating into the muskmelon main crop. However, PTC is 
relatively low-cost, and could reduce insecticide use by limiting applications to only the 
perimeter trap crop rows rather than the main crop.  
 
 
Figure 3. Perimeter trap cropping. Buttercup 
squash (foreground) surrounding muskmelon. 
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Row covers: Low tunnels and mesotunnels 
Row covers are physical barriers that prevent pests from feeding on plants by placing a 
layer of fabric between the plants and the pests. In Quinn’s case, the fabric would be 
suspended above rows of muskmelon plants to prevent cucumber beetles from reaching the 
plants and spreading disease. Graciela shared information about two distinct types of row cover 
systems for Quinn to consider: low tunnels and mesotunnels (Figure 4).  
Low tunnels. Low tunnels are used to protect transplants early in the growing season. 
They consist of a breathable, semitranslucent, spunbond polypropylene fabric that is 
suspended about 18 inches high on wire hoops above rows of seedlings. The edges of the fabric 
are held to the soil with rock-filled bags or soil to prevent the beetles from gaining access to the 
plants. In addition to functioning as a pest barrier, the fabric creates a warm, sheltered early-
season environment well-suited to cucurbits, which would enable Quinn to plant and harvest 
muskmelons earlier and earn a higher market price. However, there are downsides. The 
spunbond fabric tears easily so it must be replaced every year, adding to expense and creating 
waste. Furthermore, the spunbond fabric must be removed three to four weeks after 
transplanting so that bees can visit flowers to pollinate them, and to avoid overheating plants 
once summer temperatures climb. Essentially, the benefit of low tunnels as a pest and disease 
Figure 4. Low tunnel (left), mesotunnel (right). 
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barrier is limited to a small portion of the entire season, so Quinn would have to use another 
strategy to manage the cucumber beetles and bacterial wilt after removing the low tunnels. 
Mesotunnels. Mesotunnels are another type of row cover system used to protect plants 
from cucumber beetles. The barrier fabric is different: a nylon-mesh insect netting with holes 
that are small enough to keep out cucumber beetles. The mesh allows air movement inside the 
tunnels and can remain on plants the entire season without overheating them. So that plants 
will have adequate space to grow to maturity, mesotunnels are more than twice the height of 
low tunnels. The mesotunnel fabric is supported on sturdier hoops made of 1-inch-diameter 
galvanized metal conduit. To ensure that pollination can occur while plants are covered, 
purchased boxes of bumblebees (Figure 5) are placed inside mesotunnels once female flowers 
begin to appear.  Drawbacks of mesotunnels include the expense and durability of the mesh 
fabric. Muskmelon tendrils (at the tip of growing vines) can poke small holes in the fabric. 
Although the fabric can be easily mended, 
unlike low tunnel fabric, its use is limited to 
about three seasons before it must be 
replaced. The cost of the fabric is about three 
times the expense of the spunbond 
polypropylene used for low tunnels. 
Mesotunnels would be Quinn’s most 
expensive option, but they might also provide the most protection against cucumber beetles 
and bacterial wilt. Two seasons of testing by researchers at Iowa State University showed the 
mesotunnel system could produce up to four times the marketable yield of the low-tunnel 
Figure 5. Bumblebee hives placed inside 
mesotunnels and sheltered from rain 
using a laundry basket. 
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system - with zero insecticide applications. This sort of performance could potentially make 
mesotunnels cost-effective.   
Quinn is glad to learn there are some alternatives to the organic-insecticide-based 
system he has been using that resulted in severe crop losses. But because the risk of losses 
from beetles and the bacterium is so unpredictable from year to year, he is struggling to decide 
how much to invest in protection. He knows there is a strong market for organic muskmelons 
and hopes one of the new methods can help him to turn his losses into profits. But which 
method(s) should he try? Each one – insecticides only, rotation, PTC, low tunnels, and 
mesotunnels – has pluses and minuses.  Your challenge is to propose a plan for Quinn’s organic 
muskmelon production, and explain your reasoning in favor of that plan. 
 
Discussion Questions 
1. Which management strategy would be the most consistent and reliable? Why is it 
important for Quinn to know that the beetles and bacterium are so unpredictable? 
2. In the interest of reducing his on-farm cucumber beetle population, should Quinn plant 
acorn squash instead of muskmelon next year? Explain why or why not. 
3. What additional information would you request to help Quinn to create an effective 
disease management plan? 
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Background 
Organic agriculture 
The United States Department of Agriculture (USDA) describes organic agriculture as the 
application of a set of practices that support recycling of on-farm resources, promote ecological 
balance, and conserve biodiversity.  
Organic pest management. Organic pest management adopts a systems approach – 
implementing pest management techniques based each component of a grower’s production 
system (i.e. soil, water, plants, insects, microbes, animals) and how they interact to provide 
long-term pest control and minimize agriculture’s negative off-farm impacts. For example, by 
using cover crops, a grower can not only protect soil health and reduce soil erosion, but can 
also trap nutrients, reduce weed pressure, and provide habitat for beneficial insects that serve 
as natural predators of pest insects. While the benefits of cover crops alone may not be as 
effective as synthetic chemical herbicides, fertilizers, or insecticides for the first few years, they 
can be combined with other strategies to gradually improve overall effectiveness of pest 
control and reduce the use of synthetic chemical inputs. The use of most man-made herbicides, 
fertilizers, insecticides, and other materials is generally prohibited in organic agriculture, but 
there are a few exceptions. For example, row covers and plastic mulch used to control weeds 
are made of synthetic polymers, but their use is allowed because they are not incorporated into 
the soil and because managing weeds organically without them would be extremely difficult. 
More information on organic agriculture and pest management can be found in the USDA 
Guide for Organic Crop Growers (www.attra.ncat.org) as well as the ATTRA (Appropriate 
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Technology Transfer for Rural Areas) Organic IPM Field Guide (https://attra.ncat.org/attra-pub-
summaries/?pub=148). 
Transitioning to organic. To market produce as organic, the land on which it was grown 
as well as the practices and inputs used to grow the produce must be certified by the USDA 
National Organic Program (NOP). The NOP is the USDA branch that develops rules and 
regulations for production, handling, labeling, and certification of organic products. The NOP 
Handbook provides organic growers and certifiers with an overview of organic regulations 
(https://www.ams.usda.gov/rules-regulations/organic/handbook). Growers may choose to 
certify their land as organic for a variety of reasons. Some may wish to take advantage of price 
premiums associated with organic crops. Others may aim to preserve or improve soil quality 
while also earning a higher price for their produce. In some cases, a grower’s customer base 
may demand organic produce so he/she will need to meet their demand in order to stay in 
business. Transitioning land from conventional to certified organic production can take up to 
three years if non-organic inputs were used prior to the transition. This means that organic 
practices must be used in that 3-year period, but produce cannot yet be marketed as certified 
organic. Without earning the price premiums associated with certified organic produce in that 
3-year window, transitioning can be expensive. However, programs exist to make the transition 
process more feasible for growers: https://www.sare.org/Learning-
Center/Bulletins/Transitioning-to-Organic-Production/Text-Version/Making-the-Transition. 
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Bacterial Wilt 
Some of the most widely produced cucurbit species in the U.S.A. are susceptible to 
bacterial wilt – including muskmelon, cucumber, and squash. However, the disease is limited to 
the Midwestern, mid-Atlantic, and Northeastern regions of the U.S. Cucurbit plants become 
infected when striped cucumber beetles (Acalymma vittatum) and spotted cucumber beetles 
(Diabrotica undecimpunctata howardi Barber) excrete frass (excrement) containing the causal 
agent—a bacterium called Erwinia tracheiphila—onto plant wounds. Infected plants show 
symptoms of wilt and die within a few weeks. To prevent bacterial wilt infection, cucumber 
beetles must be prevented from feeding on plants and spreading the bacterial pathogen. 
Beetles that vector the bacterial wilt pathogen. The causal agent of bacterial wilt, 
Erwinia tracheiphila, is spread to cucurbit plants by striped cucumber beetles and spotted 
cucumber beetles. Striped cucumber beetles are believed to be the most important vectors 
(agents of spread) of Erwinia tracheiphila because they are able to harbor the bacterium in 
their digestive tracts for extended periods. Furthermore, they overwinter throughout the 
eastern half of the U.S. and appear in cucurbit fields early in the spring, whereas spotted 
cucumber beetles migrate north from Mexico and the southern U.S. and appear in cucurbit 
fields several weeks later than striped cucumber beetles. Striped cucumber beetle adults 
overwinter just below the soil surface and emerge in the spring to seek out freshly planted 
cucurbits. A small percentage of the beetles that emerge in the spring are carriers of the 
bacterium, which they acquired during the previous growing season while feeding on infected 
cucurbit plants. After emerging from the soil, cucumber beetles seek out cucurbit plants to feed 
and lay their eggs. They are highly attracted to volatiles (biochemicals in the vapor phase) 
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emitted by plants in the cucurbit family, especially muskmelon and cucumber. Once striped 
cucumber beetles discover a suitable cucurbit field for a food source, they emit aggregation 
pheromones to attract other beetles. They lay their eggs in the soil at the bases of cucurbit 
plants, and the larvae feed on the roots to support their growth into adult cucumber beetles. 
Over the course of one growing season in Iowa, as many as three generations of cucumber 
beetles can be produced. Cucumber beetles can kill young plants from feeding damage alone. 
They can also kill cucurbit plants by spreading E. tracheiphila that cause bacterial wilt.  
Bacterial pathogen. E. tracheiphila can survive in the digestive tract of cucumber beetles 
and inside the xylem of living cucurbit plants. The beetles acquire the bacterium when they 
feed on infected cucurbit plants and the bacterium then attaches to the lining of the digestive 
tract. By attaching and reproducing, the bacterial population within the beetle can survive 
overwintering and replenish itself throughout the course of a beetle’s life. E. tracheiphila-
colonized beetles deposit infested frass when they feed on leaves. The Erwinia bacterium 
excreted by a beetle gains access to a plant’s xylem when it touches any of the abundant 
feeding wounds created by a large population of beetles. Because cucumber beetles fly, the 
bacterium can be deposited on many plants in a field as the cucumber beetles travel from plant 
to plant feeding and excreting.  
Plants. Xylem is the part of plant’s vascular system that transports water and dissolved 
nutrients up from the roots to the leaves. Plant tissues remain rigid and upright when water 
flows normally through the xylem, but normal water flow is interrupted when the xylem is 
infected with E. tracheiphila. The bacterium reduces water flow by multiplying and clogging the 
xylem, causing the leaves to wilt. After initial wilting symptoms appear, the leaves and vines 
 80
turn brown and die within a couple of weeks—usually before any marketable fruit can be 
harvested. In that 1- to 2-week period between initial infection and plant death, an infected 
plant is even more attractive to cucumber beetles than a healthy plant. Foraging cucumber 
beetles preferentially feed on the diseased cucurbits in a field, which increases their chances of 
ingesting E. tracheiphila and spreading it to healthy plants after the diseased plants die.  
For a detailed review of the cucurbit bacterial wilt pathosystem, see Bacterial Wilt of 
Cucurbits: Resurrecting a Classic Pathosystem 
(https://apsjournals.apsnet.org/doi/10.1094/PDIS-10-14-1068-FE). 
 
Disease triangle 
The disease triangle is a basic concept of plant pathology. The triangle represents a 
plant disease, and each of its sides represents a component required for plant disease to occur: 
a susceptible host plant, an environment conducive to disease, and a disease-causing agent, 
also known as a pathogen. Like a triangle, which needs three sides, a plant disease needs all 
three of these components to occur. A useful application of the disease triangle is that it 
emphasizes that there are always three potential options for managing a plant disease: focusing 
on the host, the pathogen, and/or the environment. For example, for anthracnose, a fungal 
disease, to develop in a cucumber plant, the anthracnose pathogen (Colletotrichum orbiculare) 
must come in contact with a susceptible cucumber host, and the environment must be wet and 
warm enough for the pathogen to infect. Managing cucurbit anthracnose can be accomplished 
by targeting all three components of the disease triangle: the pathogen can be targeted by 
spraying a fungicide, the environment can be modified by using drip irrigation rather than 
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overhead irrigation, and the host can be targeted by planting only cucumber cultivars that are 
known to have resistance to the disease.  
While the disease triangle accurately models cucurbit anthracnose and many other 
plant diseases, cucurbit bacterial wilt and other diseases whose pathogens require vectors are 
special cases.  Targeting the pathogen by spraying bactericides would be ineffective because 
the pathogen would be untouched (it resides only inside the beetle vectors and the plant 
xylem). Thus, strategies to deter the cucumber beetle vectors should be pursued to manage 
bacterial wilt. Furthermore, muskmelon growers can do little to modify the host for this 
pathosystem because bacterial wilt-resistant cultivars of this crop have not been developed. 
Further information on the disease triangle and inclusion of vectors in the model can be found 
in The Disease Triangle: A plant pathological paradigm revisited 
(http://www.apsnet.org/edcenter/instcomm/teachingarticles/pages/diseasetriangle.aspx). 
 
Management strategies 
Low tunnels. Low tunnels can be used at the start of the season to physically protect 
young plants from cucumber beetles. The 3.5-ft-tall tunnels consist of spunbond polypropylene 
fabric that is suspended over the plants on wire-hoop supports immediately after transplanting 
seedlings. The edges of the fabric are held down to the soil with rock bags, sand bags, or bare 
soil to prevent the beetles from gaining access to the plants. In addition to functioning as a pest 
barrier, the fabric traps heat around the plants. This early-season heat allows growers to plant 
earlier in the spring when temperatures would otherwise be too cold, and results in an earlier 
harvest that earns a higher price.  However, spunbond polypropylene tears easily and is difficult 
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to repair. The need to replace the fabric annually adds to the expense and creates waste. 
Furthermore, the fabric must be removed permanently after 3 to 4 weeks because: (1) female 
flowers appear at that time and pollinators must visit flowers for cucurbits to bear fruit, and (2) 
the fabric traps so much heat that it would kill plants if left on beyond pollination. Once the 
fabric is removed, cucumber beetles must be managed by other means. 
Mesotunnels. Mesotunnels are modified low tunnels that use nylon-mesh fabric to 
protect plants from cucumber beetles. The mesh is small enough to keep cucumber beetles 
from entering. Because the mesh allows airflow to the plants, temperatures remain similar to 
ambient air temperatures and the fabric can remain on plants the entire season without killing 
plants by overheating them. Because mesotunnels protect plants until they are full-grown and 
bear fruit, they are taller than low tunnels. The ProtekNet fabric is suspended over plants on 1-
inch galvanized metal conduit pipes bent into a hoop shape and staked into the soil at a 3.5-
foot height. Pollination in the mesotunnels can be accomplished naturally by removing the 
fabric for a two-week time period when female flowers appear. Insecticides will likely need to 
be applied during those 2 weeks to manage cucumber beetles. After 2 weeks, the fabric is 
reapplied and left to protect plants until fruit are ready to harvest. Alternatively, instead of 
removing the fabric and exposing plants to cucumber beetles during pollination, bumblebee 
hives (Koppert Biological, Co.) may be placed under one edge of the tunnel at the first 
appearance of female flowers and left for several weeks. A drawback of both mesotunnel 
systems is the cost of the ProtekNet fabric – it’s about three times the expense of the spunbond 
polypropylene fabric used in the low tunnel system. However, two seasons of testing resulted 
in up to four times the yield compared to the low-tunnel system, which may make mesotunnels 
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cost-effective. Furthermore, the tendrils of muskmelon plants can wrap around the mesh 
netting and create small holes in the fabric during removal. This limits the lifespan of the 
material to a maximum of three years. A benefit of this material is that holes can be mended 
with fishing line, but that could be very time consuming.  
Perimeter trap cropping. In this strategy, a cucurbit crop that is highly attractive to 
cucumber beetles is planted as a two-row border around a main cucurbit crop that is less 
attractive to cucumber beetles. The perimeter crop is used as an attraction area where 
insecticides are sprayed to kill the cucumber beetles before they begin entering the main crop. 
When used with buttercup squash as a trap crop, this strategy effectively reduced the number 
of insecticides applied to a muskmelon main crop and reduced the incidence of bacterial wilt; 
however, use of this strategy did not result in any yield gains. For more information on 
perimeter trap cropping, see “Perimeter Trap Cropping Works!” 
(http://ipm.uconn.edu/documents/raw2/Perimeter%20Trap%20Cropping%20Works/Perimeter
%20Trap%20Cropping%20Works.php). 
Rotation. Rotation is an indispensable strategy that can be used to manage a variety of 
pests and diseases in many cropping systems. Rotating land out of cucurbit production for 2 
years is sufficient to reduce cucumber beetle populations, but additional years may be required 
for management of other pests and diseases. When determining crop rotations, information 
about pest behavior and biology must be understood. For example, it is important to know that 
cucumber beetles typically migrate only about 900 feet—a little less than the length of three 
football fields. On a small farm of a few acres, rotation may or may not be helpful depending on 
what is grown on neighboring land. For more information on using crop rotation to manage 
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insect pests, see “Management of Insect Pests with Crop Rotation and Field Layout”: 
https://www.sare.org/Learning-Center/Books/Crop-Rotation-on-Organic-Farms/Text-
Version/Physical-and-Biological-Processes-In-Crop-Production/Management-of-Insect-Pests-
with-Crop-Rotation-and-Field-Layout. 
 
Instructor Resources 
Case summary 
This case study introduces students to differences in disease management between 
organic and non-organic agriculture and strengthens their understanding of the disease triangle 
concept. Through the lens of a grower undergoing the required three-year transition from non-
organic to organic production, the case study dramatizes the challenges of combatting 
cucumber beetles and cucurbit bacterial wilt while producing organic muskmelons. In the case 
study, the grower decides to grow muskmelons in his first year of the transition process after 
years of successful non-organic muskmelon production. Anticipating higher production costs 
and a three-year waiting period before his muskmelons can be marketed as certified organic to 
earn a higher price, the grower took out a loan. But in the first growing season he loses most of 
his crop to cucumber beetles and the bacterial pathogen they vector, and learns the hard way 
that the organic-approved insecticides for these pests are not as effective as the conventional 
insecticides he relied on in prior years. Faced with the risk of defaulting on his loan, the grower 
must adopt pest management strategies that will more reliably manage cucumber beetles and 
bacterial wilt if he wants to produce organic muskmelons in the future. The case study presents 
several organic-approved management options – each with distinct pros and cons – and tasks 
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students with proposing appropriate management strategies for the grower and understanding 
the scenarios in which each option may be appropriate. 
 
Suggestions on how to use this case 
This case study is designed for use in a single 50-minute class of 10 to 50 students. However, 
the case can readily be extended to longer class periods or multiple periods. The target 
audience is undergraduate students in plant pathology, entomology, horticulture, vegetable 
production, integrated pest management, sustainable agriculture, pest protection, organic 
agriculture, agriculture education, or related disciplines.  
It is recommended that students read the case study prior to class and come to class 
prepared to discuss the discussion questions embedded in the case study text. A pre-class quiz 
can be used to help motivate students to read the case carefully, and therefore be prepared to 
discuss it in class. The background text should be made available to students who wish to read 
it for further information.  
In a 50-minute class period, the instructor may use 5 to 15 minutes to summarize the 
content of the case study and background information as well as discuss and answer the 
questions embedded in the case study. For the following 20 to 30 minutes, students may be 
divided into small groups of 2 to 5 people to discuss and agree on a disease management plan 
they would propose to the grower in the case study. The remaining 10 to 15 minutes of the 
class period can be used for groups to present their proposals and engage in large-group 
discussion or debate over the pros and cons of each strategy.  
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During Fall Semester 2018, we tested the case study in an undergraduate-level 
introductory plant pathology course (PLP 408/508) at Iowa State University with a class size of 
approximately 45 students. In responses to a written survey evaluating their reactions to the 
case study, more than half of the 20 students who responded indicated that the parts of the 
case study that contributed most to their learning included reading the case study prior to class, 
in-class lecture, and the in-class group work. Several students expressed a desire to understand 
more about the insect vector, so dialogue between the case study’s characters was modified to 
include more information about the vectors and to explain more clearly how managing the 
causal agent is dependent on managing the vectors. 
  
 87
CHAPTER 5. GENERAL CONCLUSIONS 
 
The overall goal of this research was to improve organic management of the main insect 
pests and diseases of cucurbit crops in the Midwest. One research objective assessed the use of 
different row cover materials and organic insecticides as management strategies against striped 
cucumber beetle, spotted cucumber beetle, squash bug, squash vine borer, and the diseases 
they vector—cucurbit bacterial wilt and cucurbit yellow vine disease (CYVD) - in muskmelon 
and acorn squash. For this objective, we found that mesotunnels made of nylon mesh insect 
netting consistently resulted in at least doubling the marketable yield of muskmelon and acorn 
squash compared to low tunnels with spunbond polypropylene row covers. Full-season 
mesotunnels provided plant coverage throughout the growing season without raising maximum 
air temperature; in contrast, maximum air temperature in low tunnels was too high to permit 
their full-season use. Full-season mesotunnels required no insecticide applications, whereas a 
noncovered control treatment required the most insecticide applications and part-season 
mesotunnels and low tunnels were intermediate. Full-season mesotunnels resulted in the 
lowest incidence of disease and pest injury in both crops and completely eliminated disease and 
pest injury in muskmelon. Mesotunnels provided effective organic management of cucurbit 
diseases and insect pests, but economic analysis should be done to determine cropping 
situations in which one treatment is preferable to another. 
Our second research objective assessed between-row mulching strategies in 
mesotunnels for their ability to provide full-season weed control and enhance soil carbon 
without reducing marketable yield.  Our trials showed that chopped corn stover can serve as an 
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effective weed control strategy in mesotunnels in Iowa. Chopped corn stover provided superior 
weed control over a bare ground control and a living mulch of annual ryegrass and red clover in 
both crops. In both muskmelon and acorn squash, living mulch provided better weed control 
than bare ground in only one year. Living mulch had no effect on soil reactive carbon, but corn 
stover occasionally increased soil reactive carbon compared to living mulch and bare ground. 
Muskmelon marketable yield in corn stover was higher than bare ground and living mulch in 
one year, and acorn squash marketable yield in living mulch was higher than bare ground in 
only one year. Establishing ryegrass and red clover as a living mulch presented challenges in the 
absence of overhead irrigation and under high weed pressure. While our results show that 
chopped corn stover can provide superior weed control and enhance soil carbon without 
reducing yield, the decision to use organic corn stover over living mulch may be dependent on 
several factors, including cost, availability, weather, and pre-existing weed pressure. 
Our research addresses a major limitation to production of organic cucurbit crops in the 
Midwest—high insect and disease pressure and a lack of effective control strategies. Our 
replicated field trials are the first to examine the use of mesotunnels for cucurbits and provide 
organic cucurbit growers with better options for pest, disease, and weed management. 
A peer-reviewed case study was developed to teach concepts in plant pathology and 
organic agriculture, and foster critical thinking in undergraduate classrooms. The case study 
focused on a cucurbit producer undergoing the transition from conventional to organic 
production while introducing students to the disease triangle concept and highlighting 
differences between organic and conventional disease management. The case study was tested 
at Iowa State University in an undergraduate level course (Introductory Plant Pathology – PL P 
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408). Students engaged in group discussion and were challenged to propose and defend 
management strategies, and their feedback was used to make improvements to the case study. 
The case study has been accepted for publication in The Plant Health Instructor and will be 
freely available via the American Phytopathological Society website. 
  
APPENDIX. ADDITIONAL DATA 
Table 1. Insect counts for field experiments evaluating organic row cover treatments on muskmelon (cv. Athena) in Ames, Iowa 
during 2016-2018. 
 
Treatment z Non-covered Low tunnel Part-season mesotunnel 
Year Scout  
date y 
Cucumber beetles 
per plant x 
Squash bugs per 
plant x 
Cucumber beetles 
per plant x 
Squash bugs per 
plant x 
Cucumber beetles 
per plant x 
Squash bugs per 
plant x 
2016 8 Jun 0.5 0 N/A w N/A N/A N/A 
13 Jun 0.3 0 N/A N/A N/A N/A 
16 Jun 2 0.2 N/A N/A N/A N/A 
22 Jun 1.1 0 N/A N/A 0.1 0 
29 Jun 1 0 0.5 0.1 0.7 0 
5 Jul 1.3 0 1.3 0 0.8 0.1 
12 Jul 0.8 0 0.9 0 N/A N/A 
20 Jul 1.7 0 1.4 0.1 N/A N/A 
27 Jul 0.9 0.1 0.5 0 N/A N/A 
2017 5 Jun 1.2 0 N/A N/A N/A N/A 
8 Jun 0.3 0 N/A N/A N/A N/A 
12 Jun 1.3 0 N/A N/A N/A N/A 
19 Jun 7.8 0.1 N/A N/A N/A N/A 
27 Jun 0.3 0 0.3 0 0.3 0 
6 Jul 2.8 0 1.1 0 1.1 0 
17 Jul 1.7 0 0.9 0.1 N/A N/A 
24 Jul 7.1 0 6 0.1 N/A N/A 
2018 29 May 0 0 N/A N/A N/A N/A 
31 May 0.1 0 N/A N/A N/A N/A 
5 Jun 3.8 0 N/A N/A N/A N/A 
11 Jun 2.6 0.3 N/A N/A N/A N/A 
20 Jun 0.3 0.2 0.3 0.1 0.3 0 
25 Jun 0.3 0 0.4 0 0.7 0.3 
2 Jul 0.3 0.2 0 0.2 N/A N/A 
9 Jul 1.6 0.6 0.8 0 N/A N/A 
18 Jul 2.6 0.2 2.8 0.1 N/A N/A 
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Table 1. (continued) 
 
z Non-covered = no row covers, insecticides applied; Low tunnel = spunbond polypropylene row covers applied at transplant and permanently removed at 
action threshold, insecticides applied during the uncovered period; Part-season mesotunnel = insect netting row covers temporarily removed at action 
threshold, then reinstalled 2 weeks later, insecticide sprays applied during the uncovered period. The row cover removal action threshold was defined as the 
date of the appearance of open female flowers. 
y During uncovered periods in each treatment, striped cucumber beetles, spotted cucumber beetles, and squash bugs were scouted twice weekly until 
plants developed six leaves, and once weekly thereafter. Target pests were counted in arbitrarily located 0.5- x 0.5-meter sampling quadrats in the center 
row of each subplot and averaged for each treatment. Striped and spotted cucumber beetle counts were combined.  
x Numbers in bold font in each column indicate a spray threshold was reached. The spray threshold for cucumber beetles was 0.5 beetles per sampling 
quadrat until plants developed six leaves, then one beetle per sampling quadrat thereafter. Economic threshold for squash bug was one egg mass, nymph, 
or adult per sampling quadrat throughout the season. A tank-mix of pyrethrins, kaolin clay, and neem oil was applied to treatments if the spray threshold 
was met for either or both pest groups in a treatment. 
w N/A indicates subplots were under row cover, and no insect scouts were done. 
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Table 2. Insect counts for field experiments evaluating organic row cover treatments on acorn squash (cv. Table Ace) in Ames, 
Iowa during 2016-2018. 
 
Treatment z Non-covered Low tunnel Part-season mesotunnel 
Year 
Scout 
date y 
Cucumber 
beetles 
per plant x 
Squash 
bugs per 
plant x 
Squash vine 
borer (Y/N) 
w 
Cucumber 
beetles 
per plant x 
Squash 
bugs per 
plant x 
Squash vine 
borer (Y/N) 
w 
Cucumber 
beetles 
per plant x 
Squash 
bugs per 
plant x 
Squash vine 
borer (Y/N) 
w 
2016 
8-Jun 1.2 0 ND v N/A u N/A N/A N/A N/A N/A 
13-Jun 0.4 0.4 ND N/A N/A N/A N/A N/A N/A 
16-Jun 3.5 0.4 N N/A N/A N/A N/A N/A N/A 
22-Jun 1.1 1.8 Y N/A N/A N/A 0.1 0 Y 
29-Jun 4.8 1.7 Y 0.5 0.1 Y 0.7 0 Y 
5-Jul 1.7 7.5 Y 1.3 0 Y 0.8 0.1 Y 
12-Jul 2.9 6.3 Y 0.9 0 Y N/A N/A Y 
18-Jul 1.3 0.9 Y 1.4 0.1 Y N/A N/A Y 
27-Jul 2.2 0.3 Y 0.5 0 Y N/A N/A Y 
2017 
5-Jun 3.2 0.4 N N/A N/A N/A N/A N/A N/A 
8-Jun 0.2 0.1 N N/A N/A N/A N/A N/A N/A 
12-Jun 1.4 0.4 N N/A N/A N/A N/A N/A N/A 
19-Jun 1.5 0.9 N N/A N/A N/A N/A N/A N/A 
27-Jun 1.1 7 N 1.4 1.7 N 1.4 0.4 N 
6-Jul 1.8 8.9 N 1.8 2.3 N 3.3 1.3 N 
17-Jul 1.4 5.8 N 0.8 3.3 N N/A N/A N/A 
24-Jul 1.3 17.9 Y 1.9 17 Y N/A N/A N/A 
2018 
29-May 1.8 0 N N/A N/A N/A N/A N/A N/A 
31-May 1 0.1 N N/A N/A N/A N/A N/A N/A 
5-Jun 2.3 0.4 N N/A N/A N/A N/A N/A N/A 
11-Jun 1.9 0.8 N N/A N/A N/A N/A N/A N/A 
20-Jun 0.6 1 N 0.5 1.3 N 1 0.6 N 
25-Jun 0.6 3.1 Y 1 1 Y 1.5 0.4 Y 
2-Jul 0.5 7.3 N 0.1 1.8 N N/A N/A N/A 
18-Jul 3.6 11.2 N 1.3 6.6 N N/A N/A N/A 
23-Jul 2.4 19.7 N 1.2 10.3 N N/A N/A N/A 
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Table 2. (continued) 
 
z Non-covered = no row covers, insecticides applied; Low tunnel = spunbond polypropylene row covers applied at transplant and permanently removed at 
action threshold, insecticides applied during the uncovered period; Part-season mesotunnel = insect netting row covers temporarily removed at action 
threshold, then reinstalled 2 weeks later, insecticide sprays applied during the uncovered period. The row cover removal action threshold was defined as the 
date of the appearance of open female flowers. 
y During uncovered periods in each treatment, striped cucumber beetles, spotted cucumber beetles, and squash bugs were scouted twice weekly until plants 
developed six leaves, and once weekly thereafter. Target pests were counted in arbitrarily located 0.5- x 0.5-meter sampling quadrats in the center row of 
each subplot and averaged for each treatment. Striped and spotted cucumber beetle counts were combined.  
x Numbers in bold font in each column indicate a spray threshold was reached. The spray threshold for cucumber beetles was 0.5 beetles per sampling 
quadrat until plants developed six leaves, then one beetle per sampling quadrat thereafter. Economic threshold for squash bug was one egg mass, nymph, 
or adult per sampling quadrat throughout the season. A tank-mix of pyrethrins, kaolin clay, and neem oil was applied to treatments if the spray threshold 
was met for either or both pest groups in a treatment. 
w Squash vine borer moths were scouted weekly using a single pheromone trap for all treatments placed at plant height within 10 feet of the field. The spray 
threshold for squash vine borer was 1 moth per trap. Bacillus thuringiensis was sprayed on the stems of squash plants when sprayed alone or foliar-applied 
with tank-mixed pesticides for cucumber beetles and squash bugs. 
v ND indicates scouts were not done 
u N/A indicates subplots were under row cover, and no insect scouts were done. 
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Table 3. Fungicide applications for field experiments evaluating row cover treatments on muskmelon (cv. Athena) and acorn 
squash (cv. Table Ace) in Ames, Iowa during 2016-2018. 
 
Crop Year Row cover treatment z Number of fungicide applications y 
Muskmelon 
2016 
Non-covered 2 
Low tunnel 2 
Part-season mesotunnel 2 
Full-season mesotunnel 2 
2017 
Non-covered 2 
Low tunnel 2 
Part-season mesotunnel 2 
Full-season mesotunnel 2 
2018 
Non-covered 3 
Low tunnel 2 
Part-season mesotunnel 3 
Full-season mesotunnel 3 
Acorn squash 
2016 
Non-covered 0 
Low tunnel 0 
Part-season mesotunnel 0 
Full-season mesotunnel 0 
2017 
Non-covered 2 
Low tunnel 2 
Part-season mesotunnel 2 
Full-season mesotunnel 2 
2018 
Non-covered 0 
Low tunnel 0 
Part-season mesotunnel 0 
Full-season mesotunnel 0 
z Non-covered = no row covers, insecticides applied; Low tunnel = spunbond polypropylene row covers applied at transplant and permanently removed at 
action threshold, insecticides applied during the uncovered period; Part-season mesotunnel = insect netting row covers temporarily removed at action 
threshold, then reinstalled 2 weeks later, insecticide sprays applied during the uncovered period. Full-season mesotunnel = insect netting row covers, bee 
hives ordered at action threshold and placed inside within 4 days after ordering, no uncovered periods and no insecticide sprays. The row cover removal 
action threshold was defined as the date of the appearance of open female flowers. 
y Subplots were scouted weekly throughout the growing season for fungal diseases. Copper hydroxide (Champ® WG; Nufarm Americas Inc., Burr Ridge, IL) 
was applied to uncovered subplots or sprayed directly through insect netting row covers at 7- to 10-day intervals or as new lesions appeared 
 
9
4
 
